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6 Abstract 

Two a l l o y   s y s t e m s ,  (A1Ga)As   and   ( InGa)P ,   have   been   s tud ied   fo r   t he i r   p rope r t i e s  
r e l e v a n t   t o   o b t a i n i n g  laser d i o d e   o p e r a t i o n   i n   t h e   v i s i b l e   r e g i o n  of t h e   s p e c t r u m .  
(A1Ga)As was p r e p a r e d   b y   l i q u i d - p h a s e   e p i t a x y  (LPE) and  (1nGa)P was p r e p a r e d   b o t h  
by   vapor-phase   ep i taxy  (WE) a n d   b y   l i q u i d - p h a s e   e p i t a x y .   V a r i o u s   s c h e m e s   f o r  LPE 
growth were a p p l i e d   t o   ( I n G a ) P ,   o n e   o f   w h i c h  was f o u n d   t o   b e   c a p a b l e   o f   p r o d u c i n g  
d e v i c e  material. However, as t h e  LPE method is less advanced   and   in  many ways 
less s u i t a b l e   t h a n   t h e  VPE method, a l l   t h e  InGaP dev ice   work  was done   u s ing   vapor -  
p h a s e   e p i t a x y .   T h e   m o s t   s u c c e s s f u l   d e v i c e s  were f a b r i c a t e d   i n  (A1Ga)As u s i n g  
h e t e r o j u n c t i o n   s t r u c t u r e s .  A t  room t e m p e r a t u r e ,   t h e   l a r g e   o p t i c a l   c a v i t y  (LOC) 
d e s i g n   h a s   y i e l d e d   d e v i c e s   l a s i n g   i n   t h e   r e d   ( 7 0 0 0  A ) .  However ,   because   o f   the  
r e l a t i v e l y   h i g h   t h r e s h o l d   d u e   t o   t h e   b a s i c   b a n d   s t r u c t u r e   l i m i t a t i o ;   i n   t h i s   a l l o y ,  
p r a c t i c a l  laser d i o d e   o p e r a t i o n  i s  p r e s e n t l y   l i m i t e d   t o   a b o u t  7300 A. A t  l i q u i d -  
n i t r o g e n   t e m p e r a t u r e ,   p r a c t i c a l   c o n t i n u o u s - w a v e   o p e r a t i o n   h a s   b e e n   o b t a i n e d   f o r  
t h e   f i r s t  time a t  a wave leng th   o f  6500 t o  6600 b ,  w i t h  power e m i s s i o n   i n   e x c e s s   o f  
50 miJ. The   l owes t   pu l sed   l a s ing   wcve leng th  is 6280 A.  A t  223"K, l a s i n g  was ob- 
t a i n e d   f o r   t h e   f i r s t  time a t  6770 A ,  b u t   w i t h   h i g h   t h r e s h o l d   c u r r e n t s .   T h e   w o r k  
d e a l i n g   w i t h  cw o p e r a t i o n  a t  room t e m p e r a t u r e   h a s   b e e n   p a r t i c u l a r l y   s u c c e s s f u l  
w i t h   p r a c t i c a l   o p e r a t i o n   h a v i n g   b e e n   a c h i e v e d   t o   a b o u t   7 8 0 0  1. Many of t h e   f a c -  
t o r s   w h i c h   h a v e   p r e v i o u s l y   p r e v e n t e d   r e l i a b l e  cw o p e r a t i o n  at room t e m p e r a t u r e  
h a v e   b e e n   i d e n t i f i e d   a n d   e l i m i n a t e d .   R e l i a b l e   p o w e r   o p e r a t i o n  well  in e x c e s s   o f  
1000 h r   h a s   b e e n   d e m o n s t r a t e d  at  power levels up t o  abou t  30 mW, a n d   t h e  limits 
r e m a i n   t o   b e   e s t a b l i s h e d .  
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SEMICONDUCTOR DIODE LASER MATERIAL AND DEVICES 
WITH EMISSION I N  VISIBLE REGION OF THE SPECTRUM 

I. Ladany  and H. Kressel 
RCA Labora to r i e s  

Pr ince ton ,  N J  08540 

SUMMARY 

Two a l l o y  '.systems,' (AlGa)  A s  and  (InGa) P , have  been  studied for 
t h e i r   p r o p e r t i e s   r e l e v a n t   t o   o b t a i n i n g  laser d i o d e   o p e r a t i o n   i n   t h e  
v is ib le   reg ion   of   the   spec t rum.  ( A l G a ) A s  was prepared  by  l iquid-phase 
ep i t axy  (LPE) and  (1nGa)P w a s  prepared  both  by  vapor-phase  epitaxy (WE) 
and  by  l iquid-phase  epitaxy.  Various schemes f o r  LPE growth were ap- 
p l i e d   t o  (InGa)P,  one  of  which was found to   be   capab le  of producing 
device  material. However, as t h e  LPE method is less advanced  and in 
many ways less su i t ab le   t han   t he  VPE method, a l l  t h e  (1nGa)P device  work 
w a s  done  using  vapor-phase  epitaxy. 

The most success fu l   dev ices  were f a b r i c a t e d   i n  (AlGa)As  u s ing  
h e t e r o j u n c t i o n   s t r u c t u r e s .  A t  room t empera tu re ,   t he   l a rge   op t i ca l  
c a v i t y  (LOC) d e s i g n   h a s   y i e l d e d   d e v i c e s   l a s i n g   i n  ttie r e d  (7000 A). 
However, because   o f   t he   r e l a t ive ly   h igh . th re sho ld   due   t o   t he   bas i c  band 
s t r u c t u r e   l i m i t a t i o n   i n   t h i s   a l l o y ,   p r a c t i c a l  laser d iode   opera t ion  is 
p r e s e n t l y   l i m i t e d   t o   a b o u t  7300 A. A t  l iquid-ni t rogen  temperature ,  
p rac t i ca l   con t inuous -wave   ope ra t ion   has   been   ob ta ined   fo r   t he   f i r s t  
time a t  a wavelength of 6500 t o  6600 b, with power e m i s s i o n   i n  excess 
of 50 mW. The lowest   pulsed  las ing  wavelength is 6280 8.  A t  223'K, 
l a s i n g  w a s  o b t a i n e d   f o r   t h e   f i r s t  t i m e  a t  6770 8, but   wi th   h igh   th resh-  
o l d   c u r r e n t s .  

The  work d e a l i n g   w i t h  cw ope ra t ion  a t  room temperature  has  been 
pa r t i cu la r ly   success fu l   w i th   p rac t i ca l   ope ra t ion   hav ing   been   ach ieved  
to   about  7800 1.. Many o f   t h e   f a c t o r s  which  have  previously  prevented 
r e l i a b l e  cw ope ra t ion  a t  room temperature   have  been  ident i f ied  and 
e l imina ted .   Kel iab le  laser ope ra t ion  w e l l  in excess  of 1000 h r   h a s  
been  demonstrated a t  power levels up to   about  30 mW, and t h e  limits 
remain t o  be   es tab l i shed .  

Despite  the  achievement of a record  low laser d iode  wave- 
length  value,   the   research  conducted on (1nGa)P e p i t a x i a l  materials 
using  electroluminescence,  photoluminescence, and  cathodoluminescence 
l e a d s   t o   t h e   c o n c l u s i o n   t h a t  several major  problems l i m i t  the   use   o f  
t h i s   a l l o y   f o r   p r a c t i c a l  laser diodes.  



H e t e r o j u n c t i o n   s t r u c t u r e s  are impract . ica1  because  of   the 
m e t a l l u r g i c a l   l i m i t a t i o n s   i n h e r e n t   i n   t h e  l a t t i ce  parameter 
mismatch  which is much larger   with  composi t ion  change  than 
i n  (A1Ga)As. Thus, e f f i c i en t   room- tempera tu re   l a s ing   i n  
t h e   v i s i b l e  is d i f f i c u l t   t o   a c h i e v e ,  

While  electron-beam-pumped l i g h t l y  doped material shows t h a t  
e p i t a x i a l  (1nGa)P is r e l a t i v e l y   e f f i c i e n t   i n   t h e   d i r e c t   p o r -  
t i o n  of the-  alloy composition  range,  -the laser d iodes   f ab r i -  
ca t ed   have   h igh   t h re sho ld   cu r ren t   dens i t i e s  and  low d i f f e r -  
e n t i a l  quantum e f f i c i e n c i e s .   T h i s  is be l i eved   due   t o   t he  
d i f f i c u l t y   o f   i n c o r p o r a t i n g   t h e   r e q u i s i t e   h i g h   d o p a n t   d e n s i t y  
without   introducing  an  unacceptably  high  defect   densi ty .  The 
dopant - re la ted   defec ts  are i n t i m a t e l y   r e l a t e d   t o   t h e   e x i s t i n g  
f laws formed in   t he   p rocess   o f   ep i t ax ia l   g rowth .   Desp i t e   t he  
d i f f i c u l t i e s   e n c o u n t e r e d   i n   f a b r i c a t i n g  (1nGa)P laser diodes,  
t h i s  p rogram  has   r e su l t ed   i n   d iodes   emi t t i ng  a t  77°K at,%6420 A 
i n  material desposi ted  on G a A s  s u b s t r a t e s ,  and a t  5980 A i n  
material deposi ted  on GaP subs t ra tes ,   which  is  t h e   f i r s t  
time such a shor t   d iode  laser wavelength w a s  achieved. 

Because  of   the  re la t ively  deep  acceptor   ionizat ion  energies ,  
considerable   f reeze-out   occurs  a t  low temperatures .   This  
r e s u l t s   i n   p o o r  power c o n v e r s i o n   e f f i c i e n c i e s  compared wi th  
those  of (A1Ga)As o r  G a A s  devices .  
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I. INTRODUCTION 

In   the   pas t   decade ,   the   f ie ld   o f   semiconductor  laser diodes  has  
seen  a cont inuing  improvement wi th   t he  most important  change  being  due 
t o   t h e   i n t r o d u c t i o n  of he t e ro junc t ions .  The GaAs homojunction laser 
was r e p l a c e d   i n  1968  by t h e  (A1Ga)As-GaAs heterojunction"di0de  which 
g r e a t l y  improved the  room-temperature  performanee;  thus  making  possible 
the   f i r s t   p rac t i ca l   sys t em ' s   u se   o f   s emiconduc to r  laser d iodes .   ( r e f .   1 ) .  
Fu r the r   evo lu t ion  and s o p h i s t i c a t i o n   i n  materials syn.thes'is,  based  on 
the   use   o f   l iqu id-phase   ep i taxy   to   p repare   very   th in   ac t ive   reg ion  
laser d iodes ,   l ed   t o   dev ices   capab le  of   high-duty-cycle   operat ion  in  
n e a r - i n f r a r e d . '   I n   p a r a l l e l   w i t h   t h e   e f f o r t   o n   i m p r o v i n g  GaAs lasers, 
research  has   been  conducted  over  a per iod  of   years  on o the r  materials, 
inc lud ing   he t e ro junc t ion  lasers capable  of e m i t t i n g   v i s i b l e   s t i m u l a t e d  
r a d i a t i o n ;  (A1Ga)As and  (1nGa)P are of p a r t i c u l a r   i n t e r e s t :  (A1Ga)As 
because  of i ts  c h a r a c t e r i s t i c a l l y   e x c e l l e n t   h e t e r o j u n c t i o n   d e v i c e s  and 
(1nGa)P because  of i ts  re la t ive ly   h igh   d i rec t -bandgap  energy  a t  room 
temperature  (%2.2 e V ) .  Extens ive   research  w a s  conducted   in   bo th  mate- 
rials at RCA L a b o r a t o r i e s   i n   t h e  areas of syn thes i s  of e p i t a x i a l  
l aye r s   and   d iode   f ab r i ca t ion .  The present  research  program was under- 
t a k e n   t o   e x p l o r e   t h e   l i m i t a t i o n  of t h e s e   a l l o y s   w i t h   r e g a r d   t o   e f f i -  
c i en t   v i s ib l e   s t imu la t ed   emis s ion   f rom laser d iodes .   This  work has  
included materials cha rac t e r i za t ion ,   de t e rmina t ion  of the   he te ro junc-  
t i on   r equ i r emen t s   fo r  carrier and r ad ia t ion   conf inemen t ,   p rope r t i e s  
of  dopants  which would a f f e c t  laser p rope r t i e s ,   and   p rope r t i e s  of 
laser d iodes .  

. ~ 

This   F ina l   Repor t   descr ibes   the   research   per formed  dur ing   the  
per iod 24 Apri l   1972  to  23 November 1974. 

The a u t h o r s   g r a t e f u l l y  acknowledge many va luable   d i scuss ions   wi th  
D r .  C. J. Nuese  and the  cathodoluminescence  data  provided by D r .  F. H. 
Nicol l .  

In   add i t ion   t o   t he   au tho r s   t he   fo l lowing   con t r ibu ted  to t h e  re- 
s e a r c h   r e p o r t e d   i n   t h i s  work: J. K. B u t l e r ,  s. H. McFarlane ( sec t ion  
on  x-ray  topography  of  InGaP), H. F. Lockwood, H. S. Sommers, J r . ,  and 
F. Z. Hawrylo. Technical   support  w a s  provided by D. G i l b e r t ,  D. P. 
M a r i n e l l i ,  V. M. Cannuli, M. G. Harvey,  and T. J. Zamerowski.  The 
work a t  Yeshiva  Universi ty  was conducted  under  subcontract  and is re- 
p o r t e d   i n   S e c t i o n  V I  and t h e  Appendix. It was performed by Y. J u r a v e l  
and P. M. Raccah. 
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11. REVIEW OF BASIC LASER DIODE REQUIREMENTS 

I n  t h i s   s e c t i o n  w e  review the   bas i c   r equ i r emen t s   fo r   ob ta in ing  
stimulated  emission  from p-n junct ion  diodes  and  the  factors   which  af-  
f e c t  the th re sho ld   cu r ren t   dens i ty   and   e f f i c i ency .   Add i t iona l   de t a i l s  
of laser opera t ion   can   be   found  in  a r e c e n t  book ( r e f .  3) and i n  a re- 
view chap te r   ( r e f .  4 ) .  

A. General   Considerations 

In  direct-bandgap  semiconductors   ( the  only  ones  in   which  s t imu- 
la ted   emiss ion   has   been   def in i te ly   observed) ,   bo th   photon   emiss ion   and  
absorpt ion  occur   without   the  need  for  a phonon to   conserve  momentum, 
because  the  conduction  band minimum and  valence  band maximum are a t  
t h e  same v a l u e   i n   t h e   B r i l l o u i n   z o n e .  

In  direct-bandgap  semiconductors,   where  this is n o t   t h e  case, 
photon  emission  and  absorpt ion  require   the  par t ic ipat ion  of  phonons. 
Lasing  in   indirect-bandgap  semiconductors  i s  improbable  because  the 
lowest  energy band-to-band t r a n s i t i o n   p r o b a b i l i t i e s  are much smaller 
than  in  the  direct-bandgap  semiconductors.   Since  the  st imulated 
recombination rate is  a func t ion  of t h e  band-to-band absorp t ion   coef -  
f i c i e n t ,   t h e   l o w e r   a b s o r p t i o n   c o e f f i c i e n t   f o r   i n d i r e c t   t r a n s i t i o n s  
a l s o  means t h a t   t h e   p o t e n t i a l  laser g a i n   c o e f f i c i e n t  i s  correspond- 
ingly  reduced.  

Op t i ca l   ga in   r equ i r e s  carrier populat ion  inversion  such tha t  t h e  
p r o b a b i l i t y  of  photon  emission  with  energy  hv i s  g rea t e r   t han   t he  prob- 
a b i l i t y  of  absorption a t  t h e  same photon  energy. When minor i ty  car- 
riers are i n j e c t e d   i n t o  a semiconductor   ( for   example,   e lectrons  into 
p-type material), thermodynamic equ i l ib r ium  does   no t   ex i s t ,   bu t  a 
s t e a d y - s t a t e   d i s t r i b u t i o n  of carriers in   the   conduct ion   and   va lence  
bands,  independently,  can  be  assumed  to  occur. 

A "quasi-Fermi level" f o r   e l e c t r o n s ,  Fc,  and f o r   h o l e s ,  Fv, can 
be   def ined   and   the   necessary   condi t ion   for   ga in  a t  a photon  energy 
hv i s  

Fc - F > hv 
V 

which r e q u i r e s  a degenerate  carrier d i s t r ibu t ion .   S t imula t ed   emis s ion  
i n  p-type material r e q u i r e s   t h e   i n j e c t i o n  of a s u f f i c i e n t   d e n s i t y   o f  
e l e c t r o n s   t o  raise the  quasi-Fermi  level  F (and  lower F ) s u f f i c i e n t l y  
f o r   c o n d i t i o n  (1) t o   b e   s a t i s f i e d .  C V 
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A s  shown i n   F i g .   l ( a ) ,   i n  a highly  forward-biased p-n junc t ion ,  
t h e   i n j e c t i o n   e l e c t r o n s  are d i s t r i b u t e d   o v e r  a dis tance  roughly equal 
t o   t h e   d i f f u s i o n   l e n g t h  which  can  vary  from 0.1 t o  7 pm, depending 
on t h e  material qua1;ity  and  doping.  Figure l ( a )  shows t h e  carrier con- 
finement  which  occurs i f  a p o t e n t i a l   b a r r i e r   e x i s t s  a dis tance,   d ,   f rom 
t h e  p-n j u n c t i o n   i n t e r f a c e ,  where  d is smaZZer t h a n   t h e   d i f f u s i o n   l e n g t h .  
In F i g .   l ( b ) ,   t h e   p o t e n t i a l   b a r r i e r  is due t o  a p+-p he te ro junc t ion   w i th  
a bandgap d i f f e r e n c e  AEg. Improved electron  confinement   reduces  the 
volume  which  must be   inver ted   and ,   hence ,   he lps   to   reduce   the   th reshold  
cu r ren t   dens i ty .  

QUASI FERMI LEVELS r "' 
j , . -  . , . , .  -1 """"" 

- 

Figure 1. E l e c t r o n   d i s t r i b u t i o n  i n  a forward-biased p-n junc t ion .   (a )  
No p o t e n t i a l   b a r r i e r  is p r e s e n t   t o   c o n f i n e   t h e   e l e c t r o n s  
and  (b) a p o t e n t i a l   b a r r i e r  is  placed a t  a d i s t a n c e  d (smal- 
ler t h a n   t h e   d i f f u s i o n   l e n g t h )  from  the p-n junc t ion .  
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Figure 2. Three-region  waveguide  approximation  of a he te ro junc t ion  
laser wi th  active reg ion   wid th  d and Fabry-Perot  cavity 
l e n g t h  L. 

I n  a Fabry-Perot   cavi ty  of l e n g t h  L (Fig.  2) w i t h   f a c e t   r e f l e c t i v -  
ities R 1  and R2 (0.32 fo r   c l eaved  GaAs f a c e t s ) ,   l a s i n g  w i l l  begin when 
t h e   o p t i c a l   g a i n   j u s t   m a t c h e s   t h e   l o s s e s   d u r i n g   o n e   p a s s  of t h e  beam 
i n   t h e   c a v i t y .  The l a s ing   t h re sho ld   r e l a t ionsh ip   be tween   op t i ca l   ga in  
and losses   can   therefore   be   expressed  as 

or 

1 1 gth = a + - I n  - 2L R1R2 

Here, g t h  i s  t h e   o p t i c a l   g a i n   c o e f f i c i e n t  a t  threshold  (which i s  a 
funct ion   of   the   cur ren t   dens i ty) ,   and  a is  t h e   a b s o r p t i o n   i n   t h e   c a v i t y ,  
which i n c l u d e s   f r e e  carrier a b s o r p t i o n ,   a b s o r p t i o n   i n   t h e   n o n i n v e r t e d  
r eg ions   ad jo in ing   t he  p-n junc t ion   p lane ,   and   absorp t ion  by material 
inhomogenei t ies   (prec ip i ta tes ,   fo r   example)  . 

6 



The onse t   o f   l a s ing  i s  cha rac t e r i zed  by a l a r g e   i n c r e a s e   i n   t h e  
ex te r io r   e f f i c i ency   o f   t he   dev ice   because   t he   l i gh t   p ropaga t ion   i n s ide  
the   d iode  i s  i n   t h e   p l a n e  of   the  junct ion  and a f r a c t i o n  (1-R) of t h e  
l i g h t   i n c i d e n t  on t h e   f a c e t  is emi t ted .  The i n t e r n a l  quantum e f f i -  
c iency# n i ,  can  be  but   need  not   be  very  high  in   direct-bandgap semi- 
conductors  (60 t o  100% in  good-quality GaAs). However,  below threshold  
the   i so t ropic   spontaneous   emiss ion  i s  f o r   t h e  most par t   absorbed.  

Above t h r e s h o l d   t h e   e x t e r n a l  differentia2  quantum  efficiency, 
'Iext i s  given  by 

where n i  i s  t h e   i n t e r n a l  quantum e f f i c i e n c y ,  and a is t h e   i n t e r n a l  
a b s o r p t i o n   c o e f f i c i e n t  which a l s o   a p p e a r s   i n  Eq. (2), (R1 = R2). 

B. Factors   Affect ing  the  Threshold  Current   Densi ty  

Theore t i ca l  estimates of J t h   r e q u i r e  a determinat ion  of   gth and 
the  dependence  of  gth  on  the  diode  current  density.   In  the  simplest  
approximation  of a two-ZeueZ  Zaser, t h e   g a i n   c o e f f i c i e n t  is a l i n e a r  
func t ion  of t h e   c u r r e n t   d e n s i t y  J, 

g = BJ (4) 

where t h e   p r o p o r t i o n a l i t y   c o n s t a n t  f3 i s  c a l l e d   t h e   g a i n   f a c t o r ,  which 
should  be as l a r g e  as poss ib l e .  B can  be  given as 

1 
B 
- 3  

Here, n2 is t h e   r e f r a c t i v e   i n d e x   i n   t h e   l a s i n g   r e g i o n   o f   w i d t h  d,  A 
is  the  wavelength,  Av i s  the   recombinat ion  l ine  width,   and 4 is  a 
t empera tu re -dependen t   f ac to r   t ha t   t akes   i n to   accoun t   t he   d i s t r ibu t ion  
of carriers i n   t h e  bands (@ = 1 a t  T - O'K). I m p l i c i t  i n  Eq. ( 5 )  i s  
the   assumpt ion   tha t   the   op t ica l   emiss ion  is  conf ined   t o   t he   r eg ion  of 
inver ted   popula t ion .  

I n   h i g h l y  doped  semiconductors,   the  gain  coefficient  dependence 
on t h e   c u r r e n t   d e n s i t y  i s  no t   ea s i ly   ca l cu la t ed   because   t he   dens i ty   o f  
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states d i s t r i b u t i o n  is no t   accu ra t e ly  known, t h e  band  edges  being  per- 
turbed by t h e   i n t e r n a l   f i e l d  due to   t he   i on ized   impur i t i e s .   Fu r the r -  
more, t he   i nve r t ed   popu la t ion   r eg ion  and t h e   o p t i c a l   p a t h  do n o t  
necessa r i ly   ove r l ap .  The most genera l  way of expres s ing   t he   t h re sho ld  :: 

c u r r e n t   d e n s i t y  i s  

d 
J t h  oil" Jnom 

= -  

Theory p r e d i c t s   a n   i n c r e a s e  of Bo with  decreasing  temperature .  
The theo re t i ca l   va lue   o f  b is 1 t o  3 a t  300'K and % 1 a t  low  temperature. 
S ince   the   va lue  of r depends  on  the  degree  of  optical   confinement,  wave- 
g u i d i n g   i n   t h e   j u n c t i o n   v i c i n i t y  i s  necessary  to  keep i t  high.  Further- 
more,  because  the  narrow  inverted  region i n   t h e   v i c i n i t y   o f   t h e  p-n ' . 

j u n c t i o n  is bound by highly  absorbing  noninverted  regions,   waveguiding 
i s  a l s o  needed to   r educe   abso rp t ion   l o s ses .  

Thus, i t  is clear   f rom Eqs. ( 4 )  - ( 6 )  that   low-threshold  devices  
r e q u i r e  small d values $, 2 pm , a low absorption coefficient a, and 
high n i .  

C. Device  Design  Considerations 

Good o p t i c a l  and e l ec t ron   conf inemen t   i n   t he   i nve r t ed   popu la t ion  
region i s  d e s i r a b l e   t o   o b t a i n   t h e   h i g h e s t   p o s s i b l e   g a i n   c o e f f i c i e n t  
f o r  a g iven   cu r ren t   dens i ty  and to   min imize   absorp t ion   losses  by pre- 
vent ing   the   spread   of   l igh t   in to   the   lossy   reg ions   sur rounding   the  
inverted  populat ion  region.   Waveguiding  occurs   because  the  refract ive 
index   i n   t he   immedia t e   v i c in i ty   o f   t he  p-n j u n c t i o n  i s  genera l ly   h igher  
than   in   the   sur rounding   reg ions ,   main ly   due   to   var ia t ion   o f   the   doping  
level and/or  the  bandgap  energy.  For  purpose  of  analysis  the  schematic 
s t r u c t u r e  shown i n   F i g .  2 i s  he lp fu l .  The l i g h t   e m i s s i o n  is through 
the  c leaved facets separa ted  by a d i s t a n c e  L. 
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Various laser s t ruc tures   have   evolved ,  some of  which  (e.g.,  those 
with  heterojunct ions)   have so f a r   b e e n  most s u c c e s s f u l   i n   t h e  
Alfial-xAs-GaAs system. The s imples t   device  is ,  of   course ,   the   d i f -  
f u s e d   o r   e p i t a x i a l  p+n diode (homojunction laser) i n  which a modest 
amount of radiat ion  confinement   occurs  as a r e s u l t   o f   t h e  small re f r ac -  
tive index   dec rease   i n   t he   j unc t ion   v i c in i ty   due   t o   t he   bandgap   sh r ink -  
ing i n  compensated material, Fig.  3(a). Such lasers have  high  threshold 
cu r ren t   dens i ty ,   even   i n   t he   bes t  material (60,000 to   100 ,000  A/cm2 f o r  
GaAs), as a. r e s u l t  of t h e   p o o r   r a d i a t i o n  and electron  confinement .  

In   the   s ing le   he te ro junc t ion   "c lose-conf inement"  laser [Fig.   3(b) 1, 
t he   t h re sho ld   cu r ren t   dens i ty  i s  cons iderably   reduced   to   about  10,000 
A/cm2 by c o n f i n i n g   t h e   r a d i a t i o n   t o   a n   a c t i v e   r e g i o n   o n l y  2 vm wide. 
This   s t ructure   can  be  used  wherever  a he te ro junc t ion   can   be   f ab r i ca t ed  
wi th  a minimum of i n t e r f a c i a l   s t r a i n .  

The double   he te ro junc t ion  (DH) laser, F ig .   3 (c) ,   a l lows  a f u r t h e r  
r e d u c t i o n   i n   J t h   i f   t h e  active region  between  the  heterojunct ions is 
under 1 vm. Values  of  Jth  of 900 A/cm2 have  been  obtained  with DH 
lasers a t  300'K. S p e c i f i c   a s p e c t s  of  design  for  room-temperature cw 
lasers are desc r ibed   i n   Sec t ion  V. 

A more soph i s t i ca t ed  laser s t r u c t u r e  is t h e  large Optical  Cavity 
(LOC) device  shown in   F ig .   3 (d )  where t h e  "waveguide r eg ion"   cons i s t s  
of an  n-type (3)  and a p-type  (2)  region  surrounded  by two heterojunc-  
t i o n s .   I n   e f f e c t ,   r e g i o n  2 i s  a narrow  leaky  waveguide,  of  width  d2, 
w i t h i n   t h e   t h i c k e r  waveguide  of  width d2+d3, enclosed  by  the  hetero-  
j unc t ions .  The ope ra t ion  of t h e  LOC s t r u c t u r e  i s  b r i e f l y  as fol lows.  
The r a d i a t i o n  is produced i n   r e g i o n  2 by radiat ive  recombinat ion  of  
e lec t rons   in jec ted   f rom  reg ion  3,  w h i l e   t h e   r a d i a t i o n  is confined  with- 
i n   t h e   l a r g e   c a v i t y ,   r e g i o n s  2 p lus   3 .  The l a r g e r   o p t i c a l   c a v i t y  is 
d e s i r a b l e   t o   r e d u c e   t h e   o p t i c a l   f l u x   d e n s i t y  (which affects  the   d iode  
r e l i ab i l i t y ) .   Fu r the rmore ,   abso rp t ion   l o s ses  are lower  and  the  pos- 
s i b i l i t y   e x i s t s   o f   r e d u c i n g   t h e   f a r - f i e l d  beam divergence. However, 
J t h  w i l l  increase   wi th   increas ing   d3  [ i .e. ,  decreas ing  r i n  Eq. ( 6 ) ] .  

D. Summary of   Requi rements   for   Ef f ic ien t  Laser Diodes 

(1) The material should  have a d i r e c t  bandgap wi th   h igh  q.. 
(2) The material must  be as f r e e  as p o s s i b l e   f r o m   i n c l u s i h s ,  

dis locat ions,   and  inhomogenei t ies .  
(3) The diode   should   incorpora te  a method  of  confining  the 

r a d i a t i o n  and carriers t o  a small r e g i o n   i n   t h e   j u n c t i o n   v i c i n i t y .  
A he t e ro junc t ion  is t h e   b e s t  way of ob ta in ing   t h i s   con f in ing   ba r r l l e r .  
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Figure 3 .  Schematic   cross   sect ion  of   var ious laser s t r u c t u r e s   i n   t h e  
(A1Ga)As a l loy   sys tem  showing  the   var ia t ion  o f  t h e  bandgap 
energy  and  of   the  refract ive  index a t  the   l a s ing   pho ton  
energy. (a) Homojunction laser made by l iquid-phase  epi-  
taxy,   (b)   s ingle   heterojunct ion  c lose-confinement  laser, (c) 
double   he te ro junc t ion  laser, and   (d )   l a rge   op t i ca l   cav i ty  
(LOC) laser. Note tha t   the   d iode   des ign   concepts  are 
gene ra l   and   app l i cab le   t o  a l l  types  of laser diodes  provided 
tha t   he t e ro junc t ions   can   be  made where t h e   i n t e r f a c e  is 
r easonab ly   f r ee  of de fec t s   and  is  a l s o   p l a n a r .  

10 



E. Choice  of Materials f o r   V i s i b l e  Laser Diodes 

Four 111-V a l l o y s  are of p o t e n t i a l   i n t e r e s t   f o r   v i s i b l e  laser 
diode  construct ion  because  they  can  be doped both n-  and  p-type: 
Inl-+axP,  Inl-lplXp, GaAsl,$,, and AlxGa1-,As. Table I shows t h e  
value  xc  change  where  the  "dlrect"  to  "indirect"  bandgap  transit ion 
occurs  and the  bandgap  energy a t  t h a t  composition. S i n g l e   c r y s t a l s  
of t h e s e   a l l o y s   c a n   b e   p r e p a r e d   e p i t a x i a l l y ,   i n   p l a t e l e t   f o r m   o r  as 
p o l y c r y s t a l l i n e   i n g o t s .  However, fo r   p rac t i ca l   dev ices ,   s ing le   c rys -  
tals d e p o s i t e d   e p i t a x i a l l y  on s u i t a b l e   s u b s t r a t e s  are needed;  there- 
f o r e ,   e p i t a x i a l  materials were the   cen t r a l   f ea tu re   o f   t h i s   p rog ram.  

TABLE I 

Direct-Bandgap Materials f o r   V i s i b l e  Laser Diodes 

~.~ . ""_ 
3.5  

1.34-2.26 

1.34-2.45 

1.44-2.26 

1.44-2.16 

- - . 

XC* 

"_ . 

-" 

0.7  

0.44 

0.46 

0.32-  
0 .37 

- .  . 

""I Major Problems 

1 
p-type  doping 

s t r a i n ;   l a t t i c e  mismatch 

s t r a i n ;   l a t t i c e  mismatch; 
d i f f i c u l t   t o  prepare 

s t r a i n ;   l a t t i c e  mismatch 

l imited  d irect  bandgap 
a l l o y  range 

L *Value of x where the  material  changes from "direct"  to  "indirect." 

?Direct bandgap energy a t   x c .  

. . ~ L -  iii - "  . " _  .. _. __"" 
Of t h e   f o u r   a l l o y s ,  (A1Ga)As i s  best   prepared by l iquid-phase 

epi taxy  and Ga(AsP) by  vapor-phase  epitaxy;  both  techniques  have  been 
used   to   p repare  (1nGa)P.  Liquid-phase  epitaxy i s  probably   the   bes t  
technique  for  preparing  (InA1)P  because of the d i f f i c u l t y  of  preparing 
compounds conta in ing  aluminum in   t he   u sua l   r eac to r s   u sed   i n   vapor -phase  
epitaxy.  Unfortunately,  because  of  the  fundamental  thermodynamic  con- 
s i d e r a t i o n   ( r e l a t e d   t o   t h e   f a c t   t h a t  InP and A1P have   wide ly   d i f fe r ing  
melt ing  temperatures) ,  i t  is v e r y   d i f f i c u l t   t o   r e p r o d u c i b l y  grow  (InA1)P 
even by l iquid-phase  epi taxy  because  of   the much l a rge r   s eg rega t lon  
c o e f f i c i e n t  of Al as compared w i t h   t h a t  of In.  This  program  concen- 
t r a t e d  on  (1nGa)P  and  (AlGa)As devices .  The poten t ia l   advantage  of 
(1nGa)P is t h a t  it is  t h e o r e t i c a l l y   p o s s i b l e   t o   f a b r i c a t e  laser d iodes  
having   emiss ion   wavelengths   in   the   ye l low  por t ion   o f   the   spec t rum  in  
c o n t r a s t   t o  (AlGa)As,  which is  l imited  to   red-s t imulated  emission.  

11 



Assuming de fec t - f r ee  material, t h e   i n t e r n a l  quantum e f f i c i e n c y  
depends on alloy  composition  even  in  the  direct-bandgap alloy composi- 
t i o n   r a n g e .   I f   t h e   d i r e c t -  and indirect-conduction  band minima are 
separa ted  by an   energy   la rge   wi th   respec t   to  kT, t h e   f r a c t i o n  of t h e  
i n j e c t e d . c a r r i e r s   " l o s t "  by t r a n s f e r   f r o m   t h e   d i r e c t -   t o   t h e   i n d i r e c t -  
condi t ion  band  minima is  ins igni f icant . .  Based  on reasonable  assump- 
t ions   concern ing   the   dens i ty   o f  states d i s t r i b u t i o n  i n  t h e   d i r e c t -  and 
indirect-conduction  band minima, t h e   r e l a t i v e  dependence  of qi on t h e  
bandgap  energy  (and  hence, l as ing   photon   energy)   can   be   ca lcu la ted   for  
s eve ra l   a l l oy   sys t ems .   These   ca l cu la t ed   r e su l t s  are compared i n   F i g .  4 

t=. 

\\ 
~d I I I I I 1  i I , \ I  l \ l  I I 

I .6 5.8 2.0 ' 2.2 . 
EMISSION ENERGY (eV)  

Figure 4 .  Exper imen ta l   va r i a t ion  of t h e   r e l a t i v e   i n t e r n a l  quantum e f f i -  
c i e n c y   i n   v a r i o u s   a l l o y s  as a func t ion  of t h e  bandgap  energy. 
The exper imenta l   po in ts  are compared w i t h   t h e   t h e o r e t i c a l  

, curves.  
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with   the   exper imenta l   spontaneous   e f f ic iency   ( re f .  5) .  The agreement 
between  theory  and  experiment is reasonably good.  However, t h e   f a l l -  , ,  

o f f   i n  n i  is fas te r   than   pred ic ted   in , - some  reg ions ,  most probably  be- 
cause   o f   the   meta l lurg ica l   f laws   resu l t ing   f rom  the  l a t t i ce  mismatch 
be tween  the   ep i tax ia l   f i lms  and t h e   s u b s t r a t e .  

Figure 4 shows t h a t   i n  Inl-xGaxP, n i  can  remain  essent ia l ly  
canstant t o  Eg 2 2 eV,  which  means that  room-temperature  lasing  with 
good e f f i c i e n c y  is p o t e n t i a l l y   p o s s i b l e   t o   a b o u t ,  h 2 6400 1 (assuming 
t h a t   t h e   l a s i n g  p.hoton  energy i s  below  the  bandgap  energy  by  about 
0.05 e V ,  as is the  case i n   o t h e r  materials). The theore t ica l   advantage  
to   be  obtained  f rom  using In1-&lxP is  small; and i n  view  of  expected 
d i f f i c u l t i e s   i n   p r e p a r i n g   t h i s  material, i t  does   no t   appear   to   be  
worthwhile a t  t h i s  time to   concen t r a t e  on i t s  development. 

Good-quality  heterojunctions are d e s i r a b l e   f o r  laser diodes,  as 
discussed  above.  This means t h a t  we wish  to  use materials wi th  as 
s m a l l  a change i n   t h e  la t t ice  constant   with  composi t ion as p o s s i b l e  
t o   m i n i m i z e   i n t e r f a c i a l   d e f e c t s .   F i g u r e  5 shows the  dependence  of  the 
la t t ice  cons tan t  on x i n   t h e   a l l o y s  o f   p o t e n t i a l   i n t e r e s t .  (A1Ga)As 
is  unique among the  a l loys  because  the  la t t ice   parameter   hardly  changes 

6.00 I I I I I I I I I 
- 

- - 
- 

5.70 - - 
- ,,AgAs 

5.50 - 
GaP ' APP 

- 
5.40 - - 

-1" ~ 1- ~ I I I I I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

COMPOSITION  PARAMETER , X 

Figure 5. La t t ice   parameter  vs. x f o r . v a r i o u s   a l l o y s .  
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with  composition. Ga(AsP) is second i n  t h i s   r e s p e c t .  While Ga(AsP) 
laser diodes  have  been  fabr icated by several i n v e s t i g a t o r s   i n   t h e   p a s t  
( r e f .  3) ,  their   performance was i n f e r i o r   t o   t h o s e  of (AlGa)As devices.  
The small a d d i t i o n a l   i n d i r e c t  bandgap  energy  range  of Ga(AsP) does  not  
a p p e a r   t o   j u s t i f y  a s ign i f i can t   t echno log ica l   i nves tmen t  aimed a t  laser 
d i o d e   f a b r i c a t i o n .  

The choice  of s u b s t r a t e s   f o r   t h e  material is of crucial   importance 
s i n c e   t h e   c l o s e s t   p o s s i b l e  lat t ice constant  match is des i red   to   min imize  
t h e   d e f e c t   d e n s i t y   o f   t h e   l a y e r .   F i g u r e  5  shows t h a t   o n l y   f o r  (A1Ga)As 
a l l o y s  is GaAs a n   e x c e l l e n t   s u b s t r a t e   f o r  a l l  compositions. However, 
f o r  In.49Ga.51P and  Ine49Al,51P, G a A s  a l so   p rov ides  .a s u i t a b l e  sub- 
strate. For   other  materials, t h e  l a t t i ce  parameter  mismatch is g r e a t e r  
and  composi t ional   grading  must   be  used  to   minimize  the  dis locat ion 
d e n s i t y   i n   t h e   e p i t a x i a l   l a y e r   w h e t h e r   d e p o s i t e d  on  InP, GaAs,  o r  Gap. 
(Alp s i n g l e   c r y s t a l s  are d i f f i c u l t   t o  grow and are hygroscopic.) 

14 
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111. PROPERTIES OF MATERIALS AND DEVICES: AlxGal ,As - 

The  (AlGa)As e p i t a x i a l   l a y e r s  were a l l  prepared  by  liquid-phase 
ep i t axy   u s ing  a mul t ip l e -b in   appa ra tus   o f   t he   t ype   f i r s t   desc r ibed  by 
Nelson ( r e f .  6 )  i n  which a s l i d e r  i s  used  to move t h e  G a A s  s u b s t r a t e  
i n t o   b i n s   c o n t a i n i n g  G a  so lu t ions ,   wi th   var ious   cons t i tuents   needed   to  
grow the des i r ed  material. With modif icat ions of the   appara tus  t o  
make it more f l e x i b l e   ( r e f .  7) i t  is poss ib l e  t o  reproducibly grow 
e p i t a x i a l   l a y e r s   o n l y  a f r a c t i o n  of 1 pm t h i ck .  The  bandgap  energy 
of t h e  material is  con t ro l l ed  by  changing  the A l  c o n t e n t   i n   t h e  G a  
so lu t ion .   F igure  6 shows t h e   v a r i a t i o n  of t he  bandgap  energy o f -  
Al,&al-&s wi th  x. The  work i n   t h i s  program w a s  r e s t r i c t e d   t o   t h e  
Ga-r ich  s ide  of   the   a l loy  system. 

i .  

c 

I I I I  
o-~ 0.5 1.0 

X 

Figure 6 .  Direct and i n d i r e c t  bandgap i n  Al,Gal,,As as a func t ion  
of x a t  300'K. 
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Figure 7 .  Photoluminescence of A1 2Ga 8As:Ge at 7 7 ,  145, and 300'K. Band A is near 
bandgap luminescence, b k d  i s  due to  transitions  terminating on the Ge 
acceptor, and  band C i s  due to  an atomic complex involving Ge. 



A. Donors  and  Acceptors i n  A l x G a  A s  l-x 

Germanium, Si ,   and Zn are commonly used   to   dope   the  GaAs recom- 
b i n a t i o n   r e g i o n   i n   h e t e r o j u n c t i o n  laser diodes.  Because  of  the  deep 
bandta i l ing   ob ta ined   wi th  S i  doping ,   the   th reshold   cur ren t   dens i t ies  
a t  room temperature are typica l ly   lower   than   those   ob ta ined   wi th  G e  o r  
Zn for  comparable  waveguide  region  widths.  However, i n   t h e  case of 
AlxGal-xAs devices ,   de , s igned   for   v i s ib le   emiss ion ,  we found t h a t   n e i t h e r  
S i   n o r  G e  were s u i t a b l e   d o p a n t s .   S i l i c o n   i n  AlxGal-*s has  been  previ-  
ous ly   s tud ied   ( r e f .  8).  The r e l a t i v e l y  deep levels formed as x i nc reases  
may n o t   p a r t i c i p a t e   i n   t h e   s t i m u l a t e d   e m i s s i o n   a n d  would then   i nc rease  
the   abso rp t ion  and   thus   degrade   the   l as ing   proper t ies .   S imi la r ly ,   the  
shal low G e  a c c e p t o r   i n  G a A s  (Ea % 0.035 eV) inc reases  i t s  i o n i z a t i o n  
energy   wi th   increas ing  A l ,  even in   the   d i rec t -bandgap  por t ion  of t h e  
al loy  system. This w a s  s tud ied  by  photoluminescence (PL) and  cathodo- 
luminescence (CL). Figure 7 shows f o r  example,  the  photoluminescence 
of a sample  of Al.2Ga 8 A s : G e  a t  77, 145,  and 300'K. A t  300'K only a 
s ingle   emiss ion  band is s e e n   i n   t h i s   s a m p l e ,   w i t h  a weak emission  band 
(not shown) centered  a t  about  8000 d. A t  145'K, two high  energy  bands 
centered  a t  1.83 eV (band A) and  1.77 e V  (band B) are observed ,   bu t   the  
s t r o n g   i n f r a r e d  band C dominates  the  emission. A t  77'K, band B is more 
prominent  than  band A, wi th  band C even more prominent. A study  of 
samples  of  varying Al and G e  con ten t   l ed   t o   t he   conc lus ion   t ha t   band  A 
is b a s i c a l l y   t h e  bandgap t r a n s i t i o n ,   w h i l e  band B i s  d u e   t o   t h e   r a d i a t i v e  
t r a n s i t i o n s  from  the  conduction  band  to  the G e  acceptors ,   about  0.06 e V  
from  the  valence  band  edge, Band C is due t o  a complex involv ing  G e  
and  possibly some na t ive   de fec t s   such  as vacancies. The above results 
are cons i s t en t   w i th   t he   da t a  of  Alferov e t  a l .  (ref. 9 ) .  

Various  samples   with  different  A 1  compositions were studied,  and 
the  G e  ion iza t ion   energy  w a s  deduced  from  peak  energy  differences be- 
tween A and B. The r e s u l t a n t  E a  estimate is shown i n   F i g .  8 as a 
func t ion  of the  room-temperature  bandgap  energy. The ion iza t ion   energy  
i n c r e a s e s   g r e a t l y   w i t h  bandgap  energy  and  very  steeply i n   t h e   v i c i n q t y  
of E 2 1.92 eV, where  the material becomes i n d i r e c t .  

g 
The behavior of Zn is f a r  more f a v o r a b l e   f o r   u t i l i z a t i o n   i n  laser 

diodes.  The ion iza t ion   ene rgy   appea r s   t o  remain e s s e n t i a l l y   c o n s t a n t  
a t  Ea a 0.03 e V  in   the   d i rec t -bandgap  por t ion  of the   a l loy   sys tem;   no  
deep   leve ls   appear   to   be   in t roduced  as long as the  doping level is  i n  
the   usefu l   1018 cm-3 r a n g e .   I n   f a c t ,  w e  found t h a t   t h e   b e s t  lasers 
were made us ing  Zn in   t he   r ecombina t ion   r eg ion ,   and   t h i s   dopan t   has  
been   used   exc lus ive ly   in   the  lat ter phase  of  our  program. 

With  regard  to   the  usual   shal low  donors ,   such as Te,  w e  f i n d   t h a t  
t he   i on iza t ion   ene rgy   a l so   r ema ins  small (Q 0.05 eV)  i n   t h e   d i r e c t -  
bandgap a l l o y .  Thus,  no d i f f i c u l t i e s  are encountered  in   n- type  doping.  

1 7  
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Figure 8. Est imated  ionizat ion  energy  of   " isolated" G e  
a c c e p t o r   i n  Al,Gal-,As as a func t ion  of t he  
room-temperature  bandgap  energy. 

B .  Carrier and Op t i ca l  Confinement in   Hetero junc t ion   Diodes  
* 

A s  reviewed i n   S e c t i o n  11, radiat ion  confinement   and  minori ty-  
carrier confinement   by  heterojunct ions is known t o   b e   i m p o r t a n t   i n   t h e  
improved  operation of laser diodes.  However, few q u a n t i t a t i v e   e x p e r i -  
mental   data  are avai lable   concerning  the  dependence  of   e i ther   the re- 
f r a c t i v e   i n d e x   s t e p  (An) o r   t h e  carrier conf inement   on   the   bar r ie r  
height .   These are bas i c   da t a   needed   i n   he t e ro junc t ion   dev ice   des ign .  
The confinement was measured i n  a spec ia l   d iode   s t ruc tu re   ove r  a temper- 
a tu re   r ange  77 t o  350'K. I n   a d d i t i o n ,  measurement  of An a t  t h e   l a s i n g  
energy of GaAs is  r e p o r t e d   f o r   v a r i o u s   h e t e r o j u n c t i o n   b a r r i e r   h e i g h t s .  

*The work i n   t h i s   s e c t i o n  was performed i n   c o l l a b o r a t i o n   w i t h  H. F. 
Lockwood, J. F. Bu t l e r ,  and H. S .  S o m e r s ,  Jr. 



The s t r u c t u r e   u s e d   i n   t h e  cam-ier confinement s tudy  is shown i n  
Fig. 9 .  The p-type.GaAs:Si  recombination  region (0 .4  pm th i ck )  is 
bracketed  by two low-bar r ie r   he te ro junc t ions .  The thick  p- type  region 
4 ensures  a s a t i s f a c t o r y   c u r r e n t   d i s t r i b u t i o n   i n   t h e   d i o d e  by  prevent- 
ing current  crowding  under  the small-area ohmic con tac t .   S ince   t he  
uppermost  p-type  layer is e s s e n t i a l l y   t r a n s p a r e n t  t o  t h e   r a d i a t i o n  
emit ted i n  l a y e r s  2 and 3 ( e x c e p t   f o r   f r e e  carrier a b s o r p t i o n ) ,   t h e  

1 
. .. , . .  
. , ..: ... . 
..: :. . :_:... ' ; . ... : .... . :..:... :... . . . . . . , 

7-1 
. . . . . . _: 

I 1  I Eg= I .  57eV 

Eg= 1.48eV 

0.4 p m GoAs:  S i  Eg = 1.426eV 
"--- 

At,  As : Te (n 1 \Eg = 1.48eV 

t l  / 
I 

A\, Gal,, As:  Te (n) Eg = 1.57eV 

Figure 9 .  Cross   sec t ion  of t h e   h e t e r o j u n c t i o n   s t r u c t u r e   s t u d i e d  for 
carrier confinement. The spontaneous  emission is observed 
through  the  top  (p)   layer  of the   d iode .  The edges are 
covered  with  black wax t o  eliminate spurious  emission 
peaks. 
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observed  spontaneous  spectra are essent ia l ly   undis tor ted .   (Observa t ion  
of the  spontaneous  emission  from  the  edge  of  such  diodes is f r equen t ly  
misleading  because of "ghost"   peaks  due  to   select ive  absorpt ion  in   the 
subs t r a t e . )  

Re fe rence   t o   t he   s imp l i f i ed  band  diagram i n   F i g .  10 shows t h a t  
BO- of t he   e l ec t rons   i n j ec t ed   f rom  the   n - type   r eg ion  1 i n t o   r e g i o n  2 
are a b l e   t o   d i f f u s e   a c r o s s   r e g i o n  2 and  surmount t h e   p o t e n t i a l   b a r r i e r  
between  regions 2 and 3 t o  recombine i n   r e g i o n  3.  Thus, the  spontane- 
ous emission spectra w i l l  c o n s i s t  of an  emission  band  from  region 2 
(GaAs) and  another  higher  energy  band  due  to  region 3.  By u s i n g   S i  as 
the   dopant   in   reg ion  2 w e  ensure  that   the   emission  peak is s u b s t a n t i a l l y  
below  the  bandgap  energy  of GaAs, which eases t h e   i d e n t i f i c a t i o n  of 
rad ia t ion   f rom  reg ions  2 and 3 by  reducing   the   spec t ra l   over lap .  

Figure 11 shows the  spontaneous  emission  spectrum of t he   d iode  
( loga r i thmic   p lo t )  as viewed  through i t s  su r face .  A t  300°K, two 

c 4 
0.09 e V 

- 1.57eV 

- 1.48eV 

c 4 
0.09 e V 

- 1.57eV 

Figure 10. Band s t r u c t u r e  of t he   he t e ro junc t ion   d iode  shown i n   F i g .  9 
under   s t rong  forward  bias .  The bandgap i n   e a c h  o f  t h e  
reg ions  is shown. 
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Figure 11. Spontaneous.  spectra at 300 and 77'K at a current  density o f  500 A/cm . 2 

At 300'K emission is  seen  from  both  region 2 (GaAs:Si)  and'.region 3 
[ (AlGa)As:Ge] . At 77°K only  the (GaAs:Si) radiation is 'observed.. ' 
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re la t ive ly   b road   bands  are seen   t o  arise from  recombination i n   r e g i o n s  
2  and 3; t h e  vertical l i n e   i n d i c a t e s   t h e  GaAs bandgap. A t  77OK, on t h e  
o t h e r  hand ,   on ly   emiss ion   or ig ina t ing   in   the  GaAs r eg ion  is observed, 
with  no  measurable (A1Ga)As emission. 

517-2 

E CJ 0.06 e V  

Figure  12.  

The r a t i o  of   the   in ten-  
s i t y  o f   t he   r ad ia t ion  
from  region 3 (A$ t o  
t h a t  from  region-2 (A2) 
as a funct ion  of  tem- 
pe ra tu re .  

~~ 

0 
I 0 T-I (OK") 

If t he   he t e ro junc t ion   ba r r i e r   can   be   r ep resen ted  by a simple  poten- 
tial energy  s tep,  we expec t   increas ing  carrier d i f fus ion   f rom  reg ion  2 
i n t o   r e g i o n  3 as the  temperature i s  increased .   This  is indeed  the case, 
as shown by t h e  increase with  temperature of t h e   i n t e n s i t y   r a t i o  A3/A2 
of t h e   r a d i a t i o n   f r o m   t h e  (A1Ga)As reg ion  3 t o   t h e   r a d i a t i o n  from t h e  
GaAs reg ion   2 ,   F ig .   12 .   These   da ta   can   be   f i t t ed   to   an   express ion  
such as 
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with  

E 2 0.06 e V  ( 9 )  

This   value  of  E is  cons i s t en t   w i th   t he  measured  energy  difference a t  
the   he t e ro junc t ion  of 0.054 e V  on t h e   b a s i s  of  photoluminescence mea- 
surements.  Thus,  the  change in confinement  indicated by t h e  tempera- 
t u r e  dependence  of A3/A2 as deduced  from  Fig. 11 is c o n s i s t e n t   w i t h   t h e  
m d e l  o f   t he rma l   exc i t a t ion   ove r   t he   he t e ro junc t ion   ba r r i e r  2-3 which 
is essent ia l ly   temperature- independent .  

The he te ro junc t ion  bandgap  energy  difference w a s  gene ra l ly   de t e r -  
mined  on t h e   b a s i s  of photoluminescence  measurements  on material s e l e c t e d  
from the  wafers   s tudied,   and  checked on i nd iv idua l   d iodes   s tud ied  by 
photocurrent  measurements.  The.  photocurrent.  measurements were made. by ' ir-  
radiat ing  the  edge  of   an  assembled  diode  with  the  chopped  spectral   array 
s l i p   o u t p u t  from a monochrometer in conjunct ion  with a phase-locked  detec- 
t ion  system.  Figure  13 shows a typ ica l   pho tocur ren t   cu rve  as a func-. 
t i o n  of the   inc ident   wavelength   for  a l a r g e   o p t i c a l   c a v i t y  (LOC) laser 
a t  room temperature. For symetrical  double   heterojunct ion  diodes,  
t h e   a n a l y s i s  of the   photocurren t  and i ts  r e l a t i o n s h i p   t o   t h e  bandgap 

~ ( A l G a l A s  (-l,58eV=Eg) 

2pm GaAs ( ,., 1.42eV = Eg) 

n(A1Ga)As ( - l .58eV=Eg) 

"""""" 

( 1.41eV 1 ( l .57eV) 
8800% 7900% 

0 
0 
t- 
0 
X a 

E N E R G Y  -+ 

Figure  13.   Photocurrent  vs. incident  photon  energy  of a t y p i c a l  LOC 
laser d i o d e   i r r a d i a t e d  a t  t h e   l a s i n g   f a c e t .  The  bandgap 
ene rg ie s  shown i n   t h e   c r o s s   s e c t i o n  of t h e   d e v i c e  are 
estimated  from  photoluminescence  measurements. 
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ene rgy   d i f f e rences  is simple.  In  Fig.  9, t h e  knee in   t he   cu rve  at A 
( a t  Q 1.41 eV) r e s u l t s  from s t r o n g   a b s o r p t i o n   i n   t h e  GaAs:Si reg ion  
while   the  knee a t  B (Q 1.57 eV) is  due t o   a b s o r p t i o n   i n   t h e  (A1Ga)As. 
Only l igh t   absorbed   wi th in  a d i s t a n c e  of t h e   o r d e r  of a d i f f u s i o n  
length  f rom  the p-n j u n c t i o n  (see t h e   c r o s s   s e c t i o n  of t h e   d e v i c e   i n  
Fig.  9) can   con t r ibu te   t o   t he   pho tocur ren t .   These   ene rg ie s  are c l o s e  
t o  t h e  known bandgap of GaAs, 1.426 eV, and t h a t  of   the (AlGa)As l a y e r s ,  
Q 1.58 e V .  Thus,  the  photocurrent  measurement  provides a very  simple,  
nondes t ruc t ive  method  of determining  the  bandgap  difference at t h e  
he t e ro junc t ions  ,(AE % 0.16 e V  i n   t h e  above  case) i n   t h e  same device 
whose f a r - f i e ld   r ad fa t ion   pa t t e rn   can   be   ana lyzed .  

The t r a n s v e r s e   p r o f i l e  of t h e  laser beam (pe rpend icu la r   t o   t he  
plane  of   the p-n junc t ion)   p rovides   in format ion  on t h e   v a r i a t i o n  of t h e  
r e f r a c t i v e   i n d e x   s t e p  a t  the   he t e ro junc t ions .   A l though   r e f l ec t iv i ty  
measurements  can, i n   p r inc ip l e ,   be   u sed   t o   de t e rmine  A ,  t h e  small widths  
of t he   r eg ions  of i n t e r e s t ,   t h e  small An d i f f e r e n c e s ,  and t h e   p o s s i b l e  
g r a d i e n t s  i n  t h e  Al concent ra t ion  a t  the   he te ro junc t ions   compl ica te  
such a measurement.  Fur.thermore, t h e  useful An v a l u e   a p p r o p r i a t e   t o  
t he   ope ra t ion  of t h e   o p t i c a l  waveguide  region  of  the laser diode can 
bes t   be   de te rmined   f rom  rad ia t ion   pa t te rns  as descr ibed   prev ious ly  
( r e f .  11). Once the   r ad ia t ion   pa t t e rn   has   been   ob ta ined  and t h e  trans- 
verse mode order   determined,   only  the  heterojunct ion  spacing  need  be 
known t o   c a l c u l a t e  An a t  the  las ing  wavelength.  

F igure  14 shows An, de te rmined   f rom  pa t te rn   f i t t ing ,  as a func t ion  
of t h e  bandgap  energy  difference a t  the  heterojunction.  For  comparison 
we a l s o  show t h e   t h e o r e t i c a l   c u r v e   f o r  An a t  % 9000 8 vs. AEg ( re f .   12)  . 
The agreement is s a t i s f a c t o r y ,   p a r t i c u l a r l y   s i n c e   t h e   d i f f e r e n c e   i n   t h e  
doping level on o p p o s i t e   s i d e s  of t he   he t e ro junc t ions  was not   cons idered  
i n   t h e   t h e o r e t i c a l   c u r v e .  Such doping   d i f fe rences  w i l l  have   t he   e f f ec t  
of   increasing An f o r  a given AEg by as much a s  0 . 0 1   i n  a t y p i c a l   l a s e r  
d iode   ( r e f s .   13  - 15) .  

From t h e  work d e s c r i b e d   i n   t h i s   s e c t i o n ,  w e  conclude   tha t   i r respec-  
t ive of the   requi rements   for   op t ica l   conf inement ,  a bandgap d i scon t in -  
u i t y  of  about 0.10 e V  a t  t h e  p-p he t e ro junc t ion  i s  needed t o   o b t a i n  
s ign i f i can t   ca r r i e r   con f inemen t .  

C. Laser  Diode  Properties 

' Laser  diodes of the  LOC and s imple  double   heterojunct ion t y p e  
were made, w i t h  t h e  a c t i v e   r e g i o n   c o n s i s t i n g  of (A1Ga)As near   the 
direct- indirect   cross-over   composi t ion.  
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Figure 14. Re f rac t ive   i ndex   s t ep  (An) a t  9000 x as a func t ion  of t h e  
bandgap  energy  step a t  the   he t e ro junc t ion  a t  room tempera- 
tu re .  The theo re t i ca l   cu rve   o f  Adam  and Cross ( r e f .  12) 
d o e s   n o t   i n c l u d e   t h e   c o n t r i b u t i o n   t o  An due t o   d i f f e r e n c e s  
i n   t h e   f r e e  carrier concent ra t ion .  

F igure   15  shows a typ ica l   doub le   he t e ro junc t ion   dev ice   u sed   t o  
explore   the  material l i m i t s  and t o   f a b r i c a t e  77'K cw lasers i n  which 
the  1-pm-thick active reg ion  w a s  Zn-doped t o  a level of  1017 t o  
10l8 cm3. The  n-type  regions  of  the  diodes were doped wi th  Te. The 
uppermost  p-type r eg ion   cons i s t ed  of a t h i n  (% 5 pm) G a A s  r eg ion  
heavi ly  doped wi th  Zn to   minimize  the series r e s i s t a n c e  of the   d iodes .  
The ac t ive   r eg ion   o f   t he   d iodes  w a s  about 1 pm th i ck ,   wh i l e   t he   h ighe r  
bandgap AlxGal,xAs n- and  p-type  regions were 3 t o  5 Urn t h i ck .  The 
diodes were mounted p-side down with  indium  on  copper  packages  (ref.  16), 
of the  type shown i n   F i g .   1 6  and  operated  on a co ld   f inger .  The d iode  
dimensions,   wi th   c leaved  facets  and sawed s i d e s ,  were t y p i c a l l y  100 urn 
x 300 pm. For  low-temperature  operation, Zn r a the r   t han  G e  is used for 
the   acceptor   doping  because  of   the  lower Zn accep to r   i on iza t ion   ene rgy .  
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Figure 16 .  Mount used to test diodes  (ref.  161,  including 
room temperature and 77'K cw operation, 
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Diodes were made wi th   vary ing  Al,Gal,,As compositions  to  determine 
the   e f f ec t   o f   a l l oy   compos i t ion  on t h e  77'K t h re sho ld   cu r ren t   dens i ty .  
I n  a l l  cases t h e   h e t e r o j u n c t i o n   b a r r i e r   h e i g h t  w a s  maintained a t  about 
0.1 eV. As i n d i c a t e d   i n   t h e   p r e v i o u s   s e c t i o n ,   t h i s   b a r r i e r   h e i g h t  is 
s u f f i c i e n t   f o r  good r a d i a t i o n  and carrier confinement up t o  room tem-  
peratures   while   minimizing  the la t t ice  parameter  mismatch.  Figure 1 7  
shows the   t h re sho ld   cu r ren t   dens i ty  a t  77OK of laser d iodes   w i th   d i f -  
ferent   emission  wavelengths  made from material in   t he   d i r ec t -bandgap  
composition  range.  For  comparison we a l s o  show similar d a t a   f o r   s i n g l e  
he t e ro junc t ion   d iodes ,  as p rev ious ly   r epor t ed   ( r e f .   17 ) .  The  lower 
th re sho ld   fo r   t he   doub le   he t e ro junc t ion   d iodes  is due t o   t h e i r   n a r r o w e r  
active regions  of  1 pm compared with  about 2 pm f o r  t h e   s i n g l e   h e t e r o -  
junc t ion   un i t s .   For   bo th   types   o f   d iodes   the   th reshold   cur ren t   dens i ty  
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Thresho ld   cu r ren t   dens i ty   o f   s ing le   he t e ro junc t ion  laser 
d iode   ( re f .   16)   and   present   double   he te ro junc t ion  laser 
(pulsed)  diodes a t  77OK i n   d i r e c t  bandgap Al,Gal,+. The 
width  of   the active reg ion   o f   t he   s ing le   he t e ro junc t ion  
devices  is 2 pms and i n   t h e   d o u b l e   h e t e r o j u n c t i o n   u n i t s ,  
1 pm. 
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is essen t i a l ly   cons t an t   be tween  8500 A (GaAs) and  6500 (a 3Ga.7), 
as is t h e   d i f f e r e n t i a l  quantum e f f i c i e n c y   ( 3 0   t o  60% t y p i c a l i y ) .  The 
i n c r e a s e   i n   J t h  for u n i t s   w i t h  h~ < 6500 1 is due to   t he   t he rma l  depop- 
u l a t i o n  of e l e c t r o n s   i n   t h e  k' = 0 conduction  band minimum. The lowest 
las ing  wavelength of 6280 A, with Jth = 5000 A/cm2, is limited because 
t h e   i n d i r e c t  bandgap  energy is lower   than  the  direct   bandgap  for  mate- 
rials wi th  a h ighe r  AI. con ten t .  

The threshold   cur ren t   dens i ty   increases   s teep ly   wi th   t empera ture  
f o r   d i o d e s  made from material nea r   t he  bandgap  "cross-over"  composition, 
as q u a l i t a t i v e l y   e x p e c t e d  from the   t he rma l   change   i n   t he   d i s t r ibu t ion  
of e l e c t r o n s   i n   t h e   b a n d s .  This i s  i l l u s t r a t e d   i n   F i g .   1 8   f o r  a diode 

t 
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Figure   18 .   Threshold   cur ren t   dens i ty  as a function  of  temperature  of 
a double   heterojunct ion laser diode  with AlxGal-&s:Zn i n  
t h e  1-vm-wide a c t i v e   r e g i o n  as a funct ion  of   dc  current .  
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with  AJ"gGa.7As i n   t h e  active region.  While  lasing w a s  observed UP t o  
223'K ( h L  = 6770 A ) ,  t he   t h re sho ld   cu r ren t   dens i ty   i nc reases   by   nea r ly  
a f a c t o r  of i o 3  from i ts  va lue  a t  77'K. (This  compares  with a f a c t o r  
of Q 10 for   diodes  made.from material w e l l  removed from  the  cross-over 
region.)  Tests of var ious  diodes  with  equal   bandgap  energies  showed 
t h a t  some d i f f e rences   ex i s t ed   i n   t he   t h re sho ld   cu r ren t   dependence   on  
temperature.  It is  p o s s i b l e   t h a t   t h e   s t r a i n   i n   v a r i o u s , d i o d e s   d i f f e r e d ,  
which  could  affect   the   high-temperature   threshold  current   densi ty .  

Continuous-wave opera t ion  of diodes  with AL ~ 6 5 6 0  d is  e a s i l y .  
ach ieved   s ince   the   th reshold   cur ren t   dens i ty  i s  w e l l  below  1000 A/cm2.. . 

The  amount of power which  can  be  obtained  depends on t h e   h e a t   s i n k i n g  , _  

and  thermal resistance of the  diodes.   Figure  19 shows a typ ica l   cu rve  
of t h e  power emi t ted  as a func t ion  of dc   cu r ren t  from a d iode   l a s ing  
( J t h  = 656 A/cm2) a t  6570 8. This  is t h e   s h o r t e s t  cw las ing  wavelength 
so far r e p o r t e d   f o r  a laser diode. The s p e c t r a l   w i d t h  is 20 A,  s i g n i f -  
icant ly   above  threshold,   and  the beam divergence a t  the  half-power 
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30 

AMPERES (dc) 
Figure  19.  Power output  from  one  side  of a double   he te ro junc t ion   d iode  

emi t t i ng  a t  a wavelength  centered a t  6570 d a t  77'K. 
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p o i n t  is 30' x 20'. With s i n g l e   h e t e r o j u n c t i o n   d i o d e s   h a v i n  a h ighe r  
t h re sho ld   cu r ren t   dens i ty ,  cw ope ra t ion  w a s  l i m i t e d   t o  6635 f ( re f .  17), 
and a double   hea t   s ink  (i.e., both  p-  and  n-sides) was needed, i n  con- 
trast to  the  s impler   diode  assembly  used  here .  

The a v a i l a b l e   l i f e  test of dev ices   o f   t h i s   t ype  is  still  l i m i t e d  
t o   r a t h e r   s h o r t   o p e r a t i o n   ( o r d e r  of 10 hr)   during  which time no  perma- 
n e n t   d e t e r i o r a t i o n   i n   o u t p u t  was observed. However, i t  is  important  
to   p revent   contaminat ion   of   the   emi t t ing   face t   which   can   occur   i f  oil 
is a l l o w e d   i n t o   t h e   c o l d  chamber o r   l i q u i d   n i t r o g e n  comes i n   c o n t a c t  
wi th   the   d iode .  The tests were a l l  conducted  with  the  diodes on a co ld  
f i n g e r  (i.e., wi thout   immers ion   in to   l iqu id   n i t rogen) .  

Room-temperature laser d iode   ope ra t ion   has   been   l imi t ed   t o  wave- 
lengths   above % 7000 x. Figure 20 shows the  dependence  of  Jth  normal- 
i z e d   i n  terms of s p a c i n g   b e t w e e n   t h e   h e t e r o j u n c t i o n s   t o   f a c i l i t a t e  com- 
par i son .  The i n c r e a s e   i n  Jth wi th   decreas ing  XL is s t r o n g l y   a f f e c t e d  

F igure  20. Threshold  current   densi ty   (normalized  to  a 1-pm 
waveguide  region  thickness) a t  room temperature 
as a func t ion  of las ing  wavelength.  Two types 
o f   s t r u c t u r e s  were s t u d i e d :   l a r g e   o p t i c a l   c a v i t y  
u n i t s  (LOC) and  simple  double  heterojunctions 
(DH) us ing  Zn as the  acceptor  dopant.   For  the 
DH s t r u c t u r e s ,   t h e   h e t e r o j u n c t i o n   s p a c i n g  was 
%1 pm. 
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by  the   thermal   depopula t ion   of   e lec t rons   near   the   d i rec t - ind i rec t   c ross -  
over  composition. We found t h a t   t h e  LOC s t ruc tureowas   the   on ly   one  
w h i c h   r e s u l t e d   i n   c o n s i s t e n t   l a s e r   a c t i o n  a t  7000 A, whi le   the   s imple  
double   heterojunct ion  diodes  (even  with  the same he te ro junc t ion  spac- 
ing  of  1 pm) d id   no t  lase c o n s i s t e n t l y  a t  that  wavelength.  It is un- 
l i ke ly ,   o f   cou r se ,   t ha t   t h i s   expe r imen ta l   obse rva t ion   r ep resen t s  a 
fundamental   l imitat ion.  A more probable   explanat ion is tha t   t he   supe r -  
l inear   dependence   of   the   ga in   coef f ic ien t   on   the   cur ren t   dens i ty  re- 
s u l t s - i n  a more f avorab le   s i t ua t ion   i n   t he   ca se   o f   t he   na r row recom- 
b ina t ion   r eg ion  LOC d iode   t han   i n   t he   doub le   he t e ro junc t ion   dev ice .  

2 The th re sho ld   cu r ren t   dens i ty  a t  7000 of  about 100,000 A/cm 
is t o o   h i g h   f o r  most p r a c t i c a l   a p p l i c a t i o n s .  The d iodes   emi t t i ng  a t  
7300 t o  7400 d are o f   g r e a t e r   p r a c t i c a l   i n t e r e s t ,   s i n c e   t h e y  can b e  
seen whi le   t he i r   t h re sho ld   cu r ren t   dens i ty  i s  lower.  Figure 2 1  shows 
t h e  power output  as a func t ion  of d r i v e   c u r r e n t  a t  room temperature of 
a laser e m i t t i n g  a t  7360 having a threshold  current   densi ty   of   about  
39,000 A/cm2. The he tero junc t ion   spac ing   of   th i s '  laser was 1 pm. 
Fur ther   ex tens ive   d i scuss ion   of  laser d iodes   spec i f ica l ly   des igned  
f o r  room-temperatue  operation w i l l  be  found i n   S e c t i o n  V. 
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Figure 21. Power output   (one  s ide)  as a function  of  peak 
d iode   cur ren t  a t  room temperature.  
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I V .  PROPERTIES  OF  MATERIALS AND DEVICES : I n  Ga P 1-x x 

A. Preparat ion  of  (1nGa)P  by  Vapor-Phase Epitaxy 

The t echn ique   u sed   fo r   p repa r ing   ep i t ax ia l   l aye r s   o f  (1nGa)P by 
vapor-phase   ep i taxy   has   been   descr ibed   in   de ta i l   e l sewhere   ( re f .  18). 
The  growth  apparatus i s  shown schemat i ca l ly   i n   F ig .  22.  The use of 
sepa ra t e   qua r t z   t ubes   t o .   con ta in   t he   In  and G a  source materials allows 
the   i ndependen t -con t ro l   o f   t he  H C 1  concentrat ions  over   each of t h e  
metal sources.. . H C 1  reacts wi th  G a  and' I n   t o  form  monochlorides  of 
t hese  metals, 

Here, M = I n   o r  Ga and y = mole f r ac t ion   o f  HC1 consumed i n   t h e   r e a c t i o n .  
The metal monochlorides are ca r r i ed   i n   hydrogen   i n to   t he   mix ing  zone 
where  they mix bu t  do not  react with  gaseous  phosphine,   the   source  of  
phosphorus.   In   the  reduced  temperatuce  of   the  deposi t ion  zone,   where 
t h e   s u b s t r a t e  is  pos i t i oned ,  (1nGa)P is formed as a n   e p i t a x i a l   f i l m  
wi th  H C 1  as the  gaseous  by-product   according  to   the  react ion:  

Here, P denotes  PH3 and the  products   of   the   decomposi t ion  of  PH3, 
(P2 and  P4). In situ doping  with n- and  p-type  dopants is accomplished 

wi th  H2Se and Zn vapor   respec t ive ly ,   us ing   s idearms as shown i n  Fig. 22. 
Junc t ions  are formed  by  introducing  the  dopants   sequent ia l ly   during 
growth  without  , removing  the  substrate.  

* 

This 'system  al lows  the  gradual   changing  of   the  a l loy  composi t ion 
o r  more a b r u p t   t r a n s i t i o n s   i f   h e t e r o j u n c t i o n s  are desired.   Grading is 
accomplished a t  a given  temperature by chang ing   t he   r a t io  of t h e  H C 1  
flow rates t o   t h e   I n  and G a  sources  (HCIIn/HCIGa) (see  Fig.   23).  P re -  
c i s i o n   e l e c t r o n i c a l l y   a c t i v a t e d   g a s - f l o w   c o n t r o l l e r s  are used fo r   each  
of   the  metal sources .  

The appearance  of   the  wafer   surface is  gene ra l ly  smooth;  however, 
su r f ace   de fec t s   such  as h i l l o c k s  may occur  whenever small l e a k s   e x i s t  
i n   t h e  growth  apparatus. The s u b s t r a t e   w a f e r   p r e p a r a t i o n   p r i o r   t o  
growth i s  a l so   impor t an t   i n   t h i s   r ega rd .   Fo r   t he  G a A s  subs t ra tes   used  
f o r   t h e   b u l k  of ou r  work,  etching i n  Karo's  acid of t he  <loo> o r i en ted  
s u b s t r a t e s  was found  sa t i s fac tory .  
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The undoped layers   have  a carrier concentrat ion  of   1015  to   10 cm 16 -3 

and were always  n-type.  Silicon is bel ieved  to   be  the  major   contaminant  
i n   t h e  material. The hydrogen carrier gas was p u r i f i e d   i n  a palladium 
d i f f u s e r .  The H C 1  and  phosphine  gas  used were the  purest   commercial ly  
a v a i l a b l e .  

B. Behavior  of  Donors  and  Acceptors 

S tud ie s  were made of material p r o p e r t i e s   r e l e v a n t   t o   l a s i n g ,   i n  
p a r t i c u l a r   o f   t h e   p r o p e r t i e s   o f   t h e   h i g h l y  doped materials (5 1018 cm-3) 
required  for   homojunct ion  diode lasers. 

Previous  s tudies   had  deal t   wi th   luminescence  f rom  In -,GaXP pre- 
pared by var ious  techniques as a funct ion  of   composi t ion  t refs .   18-26) .  
However, de t a i l ed   s tud ie s   o f   t he   emis s ion   spec t r a   ove r  a broad  tempera- 
t u r e   r a n g e   i n  material with  wel l -control led  dopants   had  not   been re- 
ported.  We, t h e r e f o r e ,   s t u d i e d   e p i t a x i a l  material doped  with Cd,  Zn, 
Se  and  without   intent ional   doping  ( l ight ly  doped n-type)  deposited by 
vapor-phase  epitaxy on GaAs substrates.   Various  luminescence  bands  in- 
volving  shallow  donors  and  acceptors are i d e n t i f i e d ,  and i o n i z a t i o n  
energy  values are deduced  from the   da t a .   In   t he   ca se   o f   t he  most heav i ly  
doped material (p-type, Zn-doped) w e  f i n d  new deep-level  emission  bands 
due t o  complex centers involv ing  Zn. Such material has  a very low rad ia-  
t i v e   e f f i c i e n c y .  

The photoluminescence  measurements were made using  pulsed  argon 
laser exc i ta t ion   (4880- i   l ine)   wi th   an   inc ident   average  power dens i ty  
of % 0.06 W/cm2 and  peak  power densi ty   of  % 15 W/cm2. The s p o t   s i z e  
w a s  s u f f i c i e n t l y  small (about  0.2 c m  diameter)   that   the   composi t ional  
uniformity  could  be assumed t o   b e   p e r f e c t .  The samples were mounted on 
a co ld   f i nge r   i n s ide  a c r y o s t a t .  The 4.2"K d a t a  were obtained by i m -  
mersing  the  samples  in  l iquid  helium. An RCA pho tomul t ip l i e r   w i th  a 
nega t ive -e l ec t ron -a f f in i ty  G a A s  cathode was used for  the  measurements,  . 

and t h e   d a t a  shown are as-recorded  because  of   the  uniform  spectral  
response  in   the  wavelength  range  s tudied.  

The experimental   data   presented i n  th i s   s ec t ion   conce rn  n- and 
p- type  samples .   Since  the  spectra   of  a l l  bu t   t he  most heav i ly  Zn-doped 
sample  have similar f e a t u r e s ,  w e  begin  with  the most l i g h t l y  doped 
n-type  sample (#UN-l) t o   e s t a b l i s h  a frame  of  reference.  Note  that  be- 
cause   o f   t he   s l i gh t  (; l mole %) composi t ional   di f ferences  between 
samples  (Table  11) , i t  w a s  n o t   p o s s i b l e   t o  compare the   emiss ion   spec t ra  
on the b a s i s  of   the absohte  peak  photon  energies  but  only on t h e   b a s i s  
of t h e  re la t ive  p o s i t i o n s  of the   var ious   bands .  
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TABLE I1 

P r o p e r t i e s  of I n  G a  P Samples  Tested a t  300'K l-x x 

Sample 
(a) 

Doping  Density 
n o r  p 
(cm-3) 

9 . 3  x 10 

4.0 x 10 

1 .4  x 10 

1.8 x 1 0  

1 7  

17  

17  

16  

5.4  x 10 

5.4 x 10 

17  

18 

1.0 x 10 

7.2 x 10 

17  

17  

Mobi l i ty  

(cm2/V-sec) 
!J 

43 

37 

35 

28 

31 

1 8  

1170 

810 

.. 
PL 

I n t e n s i t y  
(C) 

855 

755 

234 

221 

335 

11 

(b) 

965 

~~ 

Mole 
F r a c t i o n  Gap, x 

(d) 

0.505 

0.501 

0.505 

0.505 

0.505 

0.511 

0.517 

(a) Cd-doped, Zn-doped o r  Se-doped.  Analysis of t h e  Cd-doped 
material showed n o   d e t e c t a b l e  amount of Zn (50.6 ppm). 

(b)  Not  measured. 

( c )  Only a s i n g l e   e m i s s i o n  band  peaked a t  s1 .90  e V  was s e e n  
at  300°K i n  a l l  samples.  

(d )   De te rmined   f rom  the   empi r i ca l   r e l a t ionsh ip  
hv = 1.35  + 0 . 7 . 3 5 ~  + 0 . 7 0 ~ 2   ( r e f .  3 9 ) .  

N-Type Material. - A s  shown in  Fig.   24,   four  major  bands are seen 
the  "undoped" n-type  sample #UN-1 (n 3 x 1015 cm-3) of  In. 497Ga.503P 
.ch contains   only  res idual   (and  unident i f ied)   donors   and  acceptors .  

The two highest   energy  bands,   separated by 7 2 1 meV,  are denoted A 1  and 
A2. The two lower  energy  bands, B 1  and B2 , ' a r e   s imi l a r ly   s epa ra t ed  by 
% 8 meV. Figure 24 shows the   i nc rease  of t h e   i n t e n s i t y  of A 1  r e l a t i v e  
t o  A2 with  increasing  temperature;   above 60"K, only A 1  remains  and i t s  
e n e r g y   s h i f t s  downward wi th   increas ing   tempera ture ,  as shown i n   F i g .  25. 
Both  bands B 1  and B2 are prominent a t  very low temperatures ,   but   with 
increasing  temperature ,  B2 d e c r e a s e s   r e l a t i v e   t o  B1.  The energy of t he  
B 1  peak a l so   decreases   wi th   increas ing   tempera ture  up t o  200"K, the  
maximum temperature a t  which i t  w a s  de t ec t ab le .  
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Figure 2 4 .  Photoluminescence  spectra of an  n-type,  not  deliberately doped 
ep i t ax ia l   l aye r  of I n  4g7Ga503P a t  5 ,  10, 30, and 60°K showing 
the  evolution of the  four basic  emission bands (sample #UN-l). 
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25. Variat ion  of   the  peak  posi t ions  of   the   var io 'us  
bands as a func t ion  of temperature  for  sample 
fUN-1 wi th   spec t r a  shown i n   F i g .  24. 

Bands A 1  and A2 could   no t   be   fur ther   subdiv ided   to   ob ta in   the  
t y p e s   o f   s h a r p   l i n e s   p r e v i o u s l y   s e e n ,   f o r   e x a m p l e ,   i n   r e l a t i v e l y   p u r e ,  
uns t ra ined  GaAs ( r e f .  27)  and  InP ( r e f s .  28-30).  Thus, the   " f ine"  in- 
t e r p r e t a t i o n   o f   t h e   b a n d s   i n  terms of   var ious   poss ib le  bound e x c i t o n i c  
processes  i s  no t   poss ib l e .  The most s t r a i g h t f o r w a r d   i n t e r p r e t a t i o n  of 
t he   emis s ion   cons i s t en t   w i th   t he   da t a  is as fol lows.  

Cons ide r   f i r s t   bands  A 1  and A2. Since it is  known t h a t  a t  h igh  
temperatures   the  highest   photoluminescence  emission  band  in  111-V compound 
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direct-bandgap materials is w i t h i n  a few meV of  the  bandgap  energy, w e  
i n t e r p r e t  band A 1  as in t r in s i c   r ecombina t ion :   f r ee -ca r r i e r   o r   f r ee -  
exci ton  recombinat ion,   but   possibly  including  exci tons bound t o   n e u t r a l  
c e n t e r s  at very low temperatures.  Above %10O0K, f r e e - c a r r i e r  recombina- 
t i o n  is  most probable.   In  any case, t h e   s h i f t   o f   t h e  peak  posi t ion  of  
A 1  is  t a k e n   t o   b e   i n d i c a t i v e   o f   t h e   s h i f t   o f   t h e  bandgap  energy  with 
temperature.  Above %IOO°K, w e  estimate AE /AT = 3.7 x eV/K.  

g 
Band  A2, be ing   d i sp laced  by 7 5 1 meV from AI, is be l i eved   t o   i n -  

volve  t ransi t ions  between  shal low  donors   and  the  valence  band (D-B). 
This i n t e r p r e t a t i o n  is  based  on a donor   ionizat ion  energy ED of 7 5 
1 meV, as i n  InP  where ED = 7.65 meV ( ref .   31) .   Furthermore,   previous 
Inl,xGaxP da ta   h in t   t ha t   t he   donor   i on iza t ion   ene rgy   r ema ins   i nva r i an t  
in   the  direct-bandgap  composi t ional   range  ( ref .   24) .   Thus,  a value  of  
7 +.1 meV f o r  ED i n   t h e   p r e s e n t  material is reasonable.  The decrease  
in-the i n t e n s i t y  of band A2 relative t o  A 1  wi th   increas ing   tempera ture  
can then   be   readi ly   expla ined  by t h e   d e c r e a s e   i n   t h e   e l e c t r o n   p o p u l a -  
t ion   o f   the   sha l low  donors .  

Turning  to   bands Dl and B2 ,  t h e   s h i f t   o f   t h e  two bands  with  tempera- 
t u r e  i s  cons i s t en t   w i th   t he   a s sumpt ion   t ha t  band B 1  i n v o l v e s   t r a n s i t i o n s  
from the  conduct ion  band  to   shal low  acceptors  (B-A), while  band B2 ,  
which is seen  only a t  low temperatures  where A2 is a l so   p rominen t , ' i n -  
vo lves   sha l low  donor- to-acceptor   t rans i t ions  (D-A). Neglec t ing   the  
small Coulomb in t e rac t ion   ene rgy  t e r m  i n   t h i s   l i g h t l y  doped  sample,  the 
peak  separation  between B 1  and B2 should  equal  ED, which is i n   f a c t   t h e  
case. From the   separa t ion   be tween  the  A 1  and B2 peak  energies ,   an 
approximate  ionizat ion  energy of t he   un iden t i f i ed   accep to r   o f  % 40 meV 
i b  deduced. 

We have a l so   s tud ied   n - type   s amples   de l ibe ra t e ly  doped wi th  S e  
wi th  n > 1017 cm-3. In   t hese   s amples ,  i t  w a s  n o t   p o s s i b l e   t o   r e s o l v e  
the  near-bandgap  emission  into two bands as above.  This is not   sur -  
p r i s i n g   i n  view of t h e  small donor   ionizat ion  energy,   s ince  the  donor  
levels w i l l  t e n d   t o  merge with  the  conduction  band t a i l  states a t  t h e s e  
doping   leve ls .  The emiss ion   a s soc ia t ed   w i th   r e s idua l   accep to r s  w a s  
vanish ingly  low i n   t h e  more heav i ly  doped samples  because  of  the more 
i n t e n s e  A 1  l i ne ,   sugges t ing   ve ry  l i t t l e  addi t ional   compensat ion by 
r e s idua l   accep to r s  when the  donor  level i s  ra i sed .  

2. P-Type Materials: Cd-Doped. - Four Cd-doped samples  ranging  from 
p = 1.8 x 1016 cm-3 t o   9 . 3  x 1017 cm-3 were s tudied   (Table  11). Un- 
f o r t u n a t e l y ,  more h ighly  Cd-doped samples were n o t   a v a i l a b l e   d u e   t o  
t empera tu re   l imi t a t ions  of  the  auxi l iary  s idearm  furnace  of   the  vapor-  
growth  system,  and to   t he   r educed   i nco rpora t ion   o f  Cd i n t o   t h e  
Inl-xGaxP ( re l .a t ive   to   Zn) .   F igure  26 shows t h e  spectra of t he   fou r  
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Figure 26. Photoluminescence  of  four Cd-doped samples a t  50°K showing 

t h e   r e l a t i v e   i n c r e a s e   o f   t h e  B 1  band (B-A) involv ing   the  Cd 
acceptor .  The peak  posi t ion  of  AI, which d i f f e r s   v e r y  
s l i g h t l y  i n  the  samples owing t o  small d i f f e r e n c e s   i n   t h e  
Inl-,Ga,P a l loy   compos i t ion ,   has   been   a l igned   t o   f ac i l i t a t e  
comparison. 



samples a t  50°K t o  emphas ize   t he   i nc rease   o f   t he   r e l a t ive   i n t ens i ty   o f  
t h e  B-A emission  band B1 wi th   i nc reas ing  Cd doping.  (In  Fig.   26,   the 
peak  posi t ion  of  A 1  w a s  b r o u g h t   i n t o   c o i n c i d e n c e   t o   f a c i l i t a t e  compari- 
s o n . )   I n   a d d i t i o n   t o  Ci and AI, t h e   o n l y   a d d i t i o n a l   s t r u c t u r e  a t  50°K 
is a small band  denoted B3, ~ 5 0  meV below B 1 ,  b e l i e v e d   t o   b e  a phonon 
r ep l i ca   o f  B1. 

We now t u r n   t o  a more d e t a i l e d   d e s c r i p t i o n  of the   emiss ion   spec t ra  
of Cd-doped material wi th   the   a id   o f   sample  fCd-1 (p = 9.3- x 1017 cm-3). 
A s  shown i n   F i g .   2 7 ( a ) ,   t h e  two high-energy  bands A 1  and A2 are separa ted  
by 7 + 1 meV, and these  have  been  discussed  above  (Section  1II.A). The 
f ac t   t ha t   r ecombina t ion   i nvo lv ing  a distinct donor l e v e l  is observed 
sugges t s   t ha t   t he   r e s idua l   donor   concen t r a t ion  is small in   t hese   s amples  
(21016 cm-3) ; otherwise,   the   donor   levels  would be   s ign i f icant ly   smeared .  
I n  #Cd-l, only  band B 1  w a s  prominent [see Fig.   27(b)],   with  the  donor- 
acceptor  band B2 not   be ing   reso lvable .  However, i n  two more l i g h t l y  
doped  samples (#Cd-3 and  #Cd-4), a weak band B2 w a s  seen. The absence 
of B2 is  presumably  due to   the  great   imbalance  between  the  densi ty   of  
the  donors   and  acceptors   in   the  heavi ly   doped  samples .   Figure 28 shows 
the  temperature   dependence  of   the  var ious  emission  bands  in  sample /iCd-l 
between  4.2  and 300'K. Note t h a t  a t  room temperature   the  only  emission 
i s  i n   t h e   i n t r i n s i c  A 1  band,   with  the Cd acceptors  making  no d i s t i n c t  
cont r ibu t ion   to   the   observed   emiss ion .  The  dominance  of t h e  A 1  peak a t  
h igh   tempera tures   for  both n- and  p-type  In.5Ga.gP  (Figs. 25 and  28) 
i s  consis tent   with  the  fact   that   room-temperature   photoluminescence 
peaks   fo r  n- and  p-type Inl-xGaxP have  been  found to   have   t he  same energy 
dependence  on  composition  across  the  direct-bandgap  portion  of  the  alloy 
system  ( ref .   32) .  

Since i t  is  w e l l  known tha t   the   impur i ty   ion iza t ion   energy  i s  a 
funct ion  of   the  dopant   concentrat ion,  i t  is  o f   i n t e r e s t   t o   a n a l y z e   t h e  
photoluminescence  data of t h e   f o u r  Cd-doped samples  to  determine  whether 
any s ign i f i can t   va r i a t ions   can   be   found  which cor re la te   wi th   the   doping  
level. In   the  s implest   analysis ,   the   ionizat ion  energy  can  be  deduced 
from  low-temperature D-A recombina t ion   spec t ra   o r ,  a t  higher  tempera- 
tu res   where   the  D-A emission is no longer   observed,   f rom  the  posi t ion 
of   the  B-A l i n e .  

From the  peak  energy,  hvB2 of the  donor-acceptor  band, w e  f i n d   t h a t  

EA E - hv - ED + q /Er 2 
g B2 

where E i s  t h e  bandgap  energy, q is  the   e l ec t ron ic   cha rge ,  E is  t h e  
d i e l e c t r i c   c o n s t a n t ,  and r is  the  average  donor-acceptor  spacing. g 
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Figure  27. Photoluminescence of a Cd-doped sample  with 
p = 9 . 3  x 1017 c ~ n - ~  at  10, 45,  100  and 1 3 3 O K  
showing the   g radua l   evo lu t ion  of t h e   v a r i o u s  
bands. A t  1O0K,  band A2 (D-B) dominates   the 
near-bandgap  emission,  but at high  tempera- 
t u r e s   t h e   i n t r i n s i c  band A 1  is dominant. 
Figure  27(b) shows the   evo lu t ion  of A 1  and 
A2 between 30 and 75OK. Band B 3  is be l i eved  
t o   b e  a phonon r e p l i c a  of Band B1. 
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Figure 28. Temperature  dependence of the  var ious  emission 
bands  seen  in   sample Cd-1 (p = 9 . 3  x 1 0 1 7 ~ ~ 1 - 3 )  
between  4.2  and 300°K. Band B 1  is not   reso lvable  
above % 150'K. Thus,  the  room-temperature 
luminescence is b a s i c a l l y   i n t r i n s i c  and  does  not 
involve   the  Cd acceptor   l eve ls .  

Following  our earlier d i scuss ions ,  w e  assume tha t   the   band  A2 peak 
energy hvAg = (Eg - ED) a t  4.2'K; hence, 

EA = (hv - hv ) + q / E r  
2 

A2  B2 

The value  of EA also  can  be  estimated  from  the  peak  energy hv 
of the B-A band B 1  us ing   Eagles '   equa t ion   ( re f .  33) ,  

B1 

EA = E - hVBl + kT/2 
g 
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The thermal   energy   cor rec t ion  term kT/2 is n e g l i g i b l e  a t  4.2"K, but  adds 
about 2 meV t o  (Eg - hvgl) a t  50°K. 

We show i n  Fig. 29 o t s  of t h e   q u a n t i t i e s  (hv& - hvg2)  and (hvA1 - 
hvgl) as a func t ion   o f   pE j3   fo r   t he  Cd-doped samples .   Both  quant i t ies  
cou ld   be   e s t ima ted   fo r   t he  most l i g h t l y  doped  samples,   but  for  the two 
h ighes t  doped ones,   only (hvA1 - hvgl) could  be  determined. The d a t a  
i n   F i g .  29 show a d e c r e a s e   i n   t h e   e f f e c t i v e   i o n i z a t i o n   e n e r g y   o f   t h e  
acceptor  as the   in te r - impur i ty   spac ing  is decreased. The ex t r apo la t ed  
va lue   o f   t he   i on iza t ion   ene rgy   fo r   ve ry  low  doping is 57 meV + kT/2 = 
.59 meV,  wi th   an   uncer ta in ty   o f  5 2 meV.  The data   of   Fig.  29 can  be 
f i t t ed   w i th   t he   approx ima te   expres s ion   fo r   t he  Cd ioniza t ion   energy  as 
a func t ion  of NA-ND: 

EA 
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Figure  29.   The  quant i t ies  (EA - q /Er) determined a t  4.2"K,  and 2 

(EA - kT/2)  determined a t  50°K i n   f o u r  Cd-doped and two 
Zn-doped samples   plot ted as a funct ion  of   the  cube  root  
of   the   ho le   concent ra t ion  ( N ~ - N ~ I ~ / ~ .  measured a t  300°K. 
The ex t r apo la t ed  low  doping  energy  value  for  the Cd 
acceptor  i s  57 5 2 meV,  o r   w i t h   t h e  kT/2 co r rec t ion ,  
EA = 59 + 2 meV.  - 
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where EA i s  59 + 2 meV. It should  be  emphasized  that   th is   analysis  is 
predica ted  on tKe assumption  that   the  peak  energy  of A 1  coinc ides   wi th  
t h e  bandgap  energy. I f  A 1  is somewhat lower  than  the bandgap  energy 
a t  50°K, the   ion iza t ion   energy  would be  correspondingly  larger   (but  by 
a value  which  should  not  exceed 3 t o  5 meV). It is i n t e r e s t i n g   t o   n o t e  
t h a t   t h e  above estimate of EA(Cd) of 59 5 2 meV is c l o s e   t o   t h e   v a l u e  
r epor t ed   fo r   InP  (EA = 56.1 5 0.5 meV) a t  low tempera tures   ( re f .   34) ,  
b u t  is much lower  than  the GaP value  of  97 meV ( r e f .  35) . 

0 

3. P-Type Materials: Zn-Doped. - Figure 30 shows t h e  77OK emission 
spectrum  of  sample #Zn-1 .(p = 5.4 x 1017 cm-3). I n   a d d i t i o n   t o   t h e   h i g h  

0 -  
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Figure 30.  Photoluminescence a t  77aK of Zn-doped sample 
#Zn-1 wi th  p = 5.4 x 1O17cm-3 showing t h e  
two basic   emission  bands.  

e n e r g y   l i n e   i n   t h e   v i c i n i t y  of t h e  bandgap  energy,  the B-A band B 1  in-  
vo lv ing   the  Zn acceptors  is seen  with  no  addi t ional   wel l -def ined  s t ruc-  

t u r e .  From a n a l y s i s  of t h e  50°K d a t a ,  EA(Zn) = 42 + 2 44 meV is de- 
duced,  which f i t s  w e l l  i n t o   t h e  EA(Cd) data   of   Fig.  25. 

% 

45 



The i n t e r e s t i n g  effect of  high Zn doping is i l l u s t r a t e d  by sample 
#Zn-2 wi th  p = 5.4 x 1018 ~ m - ~ .  I n   c o n t r a s t   t o   t h e   s i m p l e   s p e c t r u m   o f  
#Zn-1, several new f e a t u r e s  are observed, as shown in   F ig .   31 (a ) .  A t  
45"K,  bands  peaked a t  1.968 e V  and  1.92 e V  are seen  and  a lso a broad 
band  with tai ls  o f f   i n t o   t h e   i n f r a r e d .  A t  80"K, the   b road   in f ra red   band  
is now w e l l  def ined  as a peak a t  ~ 1 . 8 0  e V  ( a . 1 9  e V  below Eg) ,  and t h e  
1.92-eV emission is no  longer   resolved.  The  bandgap  energy  of  the 
material i s  s i g n i f i c a n t l y  above  the  highest  energy  band  seen  by low- 
intensity  excitation  photoluminescence.  Cathodoluminescence  measure- 
ments made a t  a nominal 77°K sample   t empera ture   ind ica te   tha t   the  emis- 
s i o n  i s  s t rongly   dependent   on   the   exc i ta t ion  level i n   t h i s   p a r t i c u l a r  
sample. A s  shown i n  Fig.   31(b),   the  emission  band  centered a t  1 .971 
eV u n d e r   o p t i c a l   e x c i t a t i o n  (PL) s h i f t s  upward i n   e n e r g y   w i t h   i n c r e a s i n g  
e l e c t r o n  beam e x c i t a t i o n   t o  a maximum peak a t  1.992 e V ,  sugges t ing   t ha t  
t h e   i n i t i a l  s tate f o r   t h e   r a d i a t i v e   t r a n s i t i o n  i s  ins ide   t he   conduc t ion  
band t a i l  o r   t h a t   t h e   f i n a l  s ta te  is ins ide   the   va lence   band  t a i l .  A t  
t h e  same time t h e  1.80-eV band ,   wh i l e   r educed   i n   r e l a t ive   i n t ens i ty ,  
remains  centered a t  t h e  same peak  energy. 

The o r i g i n  of t h e  1.992-eV band i n  Fig. 31(a) is uncer ta in .   S ince  
i t  is peaked 74 meV below  the  bandgap  energy, i t  is improbable  that  i t  
involves   the  shaZZow Zn acceptor l eve l   because   such  a l a r g e   i o n i z a t i o n  
energy  does  not   appear   reasonable .   This   leaves  in   quest ion  the con- 
t r ibu t ion   of   the   sha l low  acceptor   to   the   emiss ion   spec t rum.  A p l a u s i b l e  
hypothesis  i s  t h a t   t h e  45°K peak a t  1.968 eV involves   the   sha l low 
acceptor.   This  implies  an  approximate Zn ioniza t ion   energy   of  
Eg - 1.968 + kT/2 % 1.994 - 1.968 + 0.002 2 28 meV i n   t h i s   h i g h l y  doped 
sample.  This  value i s ,  i n   f a c t ,   q u i t e   c o n s i s t e n t   w i t h   t h e   v a l u e s  ob- 
t a i n e d   i n  similar Zn-doped samples on   the   bas i s  of s i m p l e  c u r v e   f i t t i n g  
of Hall d a t a   ( r e f .   2 0 ) ,  and not   unreasonable   in   v iew  of   the   ex t rapola ted  
curve i n  Fig. 29. 

F ina l ly ,   t he   i on iza t ion   ene rgy   o f  Zn f o r  sample #Zn-1 i n  Fig. 30 
appears   qu i te  similar t o   t h a t  of Cd, a l though  admi t ted ly   th i s   conc lus ion  
i s  somewhat t e n t a t i v e  and requi res   eva lua t ion  of fur ther   samples  a t  
very low Zn concent ra t ions .   Nonethe less ,   the   ex t rapola ted   va lue   o f  ~ 5 9  
meV f o r   o u r  Cd-doped samples i s  e n t i r e l y   c o n s i s t e n t   w i t h  a Zn ioniza-  
t ion  energy  of  55  to 60 meV previously  es t imated  f rom  thermal   ioniza-  
t ion  curves   taken  f rom Hall measurements  of  our Zn-doped In,gGa,gP 
( re f .   20) ,   which   y ie lds   approximate   ion iza t ion   energy   va lues .  

It i s  clear from the   above   d i scuss ion   tha t  new, r e l a t i v e l y  deep 
cen te r s  are formed a t  high Zn concent ra t ions .  I t  is r e l e v a n t   t o   n o t e  
i n   T a b l e  11 t h a t   t h e  radiative  efficiency at  300°K of  sample #Zn-2 is 
very low wi th  a r a t i n g   ( a r b i t r a r y   u n i t s )   o f  11 compared wi th  335 f o r  
sample #Zn-1 wi th  p = 5.4 x 1017 cm-3. This   observa t ion  and the  above 
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Figure 31. Emission  spectra as  determined by: (a) photoluminescence (low 
excitation  level)  and (b) cathodoluminescence (high excitation 
level) of the  highly  Zn-doped  sample  #Zn-2 (p = 5.4 x 10l8 



s p e c t r a l   d a t a   s u g g e s t   t h a t   t h e   s i g n i f i c a n t   d e n s i t y   o f  new centers ,   which 
form i n   t h e   h e a v i l y  doped  p-type material, con t r ibu te s   t o   l ower ing   t he  
radiat ive  eff ic iency.   Furthermore,   t ransmission  e lectron  microscopy 
s tudies   have  shown t h a t   p r e c i p i t a t e s   o f  Zn2P3 are p r e s e n t   i n   h i g h l y  
Zn-doped Inl-xGaxP ( r e f .  3 2 ) ,  which  would  be  expected  also  to  reduce 
t h e   r a d i a t i v e   e f f i c i e n c y ,  as is t h e  case i n  GaAs ( ref .   36) .   Thus,   the  
use fu l "   so lub i l i t y   o f  Zn (and  perhaps  other   acceptors  as w e l l )  f o r  

luminescence  purposes is c l e a r l y   l i m i t e d   t o   v a l u e s   i n   t h e  low 1018 cm-3 
range  (see  Fig.  3 2 ) ,  i n   s h a r p   c o n t r a s t   t o   t h e  case of G a A s ,  f o r  example, 
where t h e   r a d i a t i v e   e f f i c i e n c y   p e a k s  a t  'L 1 t o  3 x 1019 cm-3 ( r e f s .  37 , 
38).  

11 

C .  Electron-Beam-Excitation Studies   of  (1nGa)P 

The use   o f   the   e lec t ron  beams to   exc i t e   l uminescence   i n  semicon- 
ductors   has   several   advantages  over   the  usual   photoluminescence  tech-  
niques.   These  include: 

1. The a b i l i t y   t o   o b t a i n  much h ighe r   exc i t a t ion   dens i ty   u s ing  
short   low-duty-cycle   pulses   of   e lectrons.  Under these  con- 
d i t ions   the   shor tes t   wavelength   emiss ion   occurs   very   near  
t h e  band  edge,  thus  giving a f a i r l y   a c c u r a t e   i n d i c a t i o n  
(+ 10 mV) o f   the  bandgap (see   F ig .  33) . 

2. S ince   t he   e l ec t ron  beam de f ines  a spot   about  50 um i n  diam- 
e ter ,  i t  i s  poss ib le   to   observe   modera te  scale nonuniformit ies  
in   composi t ion .   Fur thermore ,   s ince  beam pene t r a t ion  is small, 
emission i s  from a depth  of  only 1 t o  2 pm. 

samples are t h i n  and  shaped i n   t h e  form  of  an  optical   cavity.  
Such las ing   wi th   bu lk  material requires no junct ion  technology,  
b u t ,   n e v e r t h e l e s s ,   i n d i c a t e s   t h e   l a s i n g   q u a l i t y   o f   t h e  material 
i t s e l f   i n   t h e  area under   the   e lec t ron  beam. 

3 .  Lasing  can  be  observed  under   e lectron beam pumping i f   t h e  

The cathodoluminescence  resul ts  were obtained  with a simple elec- 
t ron   gun ,   p roducing   e lec t rons   in   the   range   of  5 t o  25 keV focused   to  
a maximum of 5 A/cm2 and   opera t ing   in  a low-duty-cycle mode of  50-nsec- 
wide  pulses a t  r e p e t i t i o n  rates up t o   1 0  kHz. The samples were a t t ached  
w i t h   s i l i c o n   l u b r i c a n t   t o  a copper   cold  f inger ,   which  can  be  cooled  to  
77°K i f   d e s i r e d .  The luminescence was observed a t  90" t o   t h e   d i r e c t i o n  
of t h e  beam s t r ik ing   t he   s ample ,  and the   ou tput  i s  focused  on  the s l i t  
of a spectrometer .  The s p e c t r a  are recorded  using a lock- in   ampl i f ie r .  

For   observat ion  of   las ing  the  sample i s  normal t o   t h e   e l e c t r o n  
beam and is  i n   t h e  form  of a v e r y   t h i n   ( < l o  vm) piece  sandwiched  between 
two aluminum layers  which  form  an end-pumped Fabry-Perot  cavity.  The 
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Figure 32. Relative  photoluminescence intensity of bandgap peak A1 
at room  temperature  versus  the  hole  concentration 
(in  cm-3) for  the Zn- and  Cd-doped In.5Ga.5P epitaxial 
layers discussed in this report. Hole concentrations 
were determined by standard  Hall  measurements (at 
30O0K). 
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Figure 33. Variat ion  of   the  bandgap  energy  in  Inl-xGa P wi th  x a t  
300°K as deduced  from  photoluminescence  an2  cathodo- 
luminescence  data.  The curve   o f   Al iber t  e t  a l .  i s  
deduced  from  electroreflectance  measurements.  The d a t a  
are from re fe rences  32,  39, 40,  and  o ther   recent  work. 

aluminum l a y e r   b e i n g   s t r u c k  by t h e   e l e c t r o n s  is 1000 t h i c k ,   o p t i c a l l y  
h i g h l y   r e f l e c t i n g   b u t   q u i t e   p e r m e a b l e   t o   e l e c t r o n s  i n  the  vol tage  range 
used.  The o ther   s ide   o f   the   sample  rests on  aluminum about 600 8, t h i c k  
on a sapphi re   p iece ,   a l lowing  some l i g h t   t o   p a s s   t h r o u g h   b u t   r e f l e c t i n g  
more than  50% o f   t h e   l i g h t .  
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End  pumped l a s ing   unde r   e l ec t ron  beam exci ta t ion  has   been  observed 
f o r  a number of  samples  of (1nGa)P  of varying  composition  and  doping. 
Lasing is indicated  by  the  emission of a sharp spectral  l i n e  on top of 
the  near-bandgap  emission  peak. The narrow l i n e  is observed  only  above 
a sharp   th reshold   and   assoc ia ted   wi th  i t  is a 10 t o  30” con ica l  laser 
beam emitted  normal  to  the  sample  through  the  semitransparent aluminum. 
At t h e  same time, s ince   the   emiss ion  i s  v i s i b l e ,   a n   i n t e n s e   s p o t  de- 
v e l o p s   i n   t h e   l a s i n g  area under   the   e lec t ron  beam; th i s   can   be   obse rved  
under a microscope. 

Figure 34 shows the  spectral   emission  curve  f rom a sample of Zn- 
doped (2 x 1017 cm-3) Inm42Ga.58P  (grown i n  a boule)  below  and  above 
las ing   th reshold .   This   occur red  a t  77’K for 15-keV e l e c t r o n s  a t  a 
dens i ty  of about 5 A/cm2.  The na r row  l a s ing   l i ne  is  evident  a t  5820 1 
(2.13 e V ) .  This  sample  consisted  of small grains .   Lasing  occurred 
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Figure 3 4 .  Cathodoluminescence  below  (a)  and  above  (b)  lasing  threshold 
of a p-type  sample  of I n  Ga.58P (boule-grown) a t  77OK. .42 
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only i n  c e r t a i n  areas w h e r e   t h e   c r y s t a l   q u a l i t y  w a s  good. Vapor-grown 
In.49 Ga.505P samples  doped  with Cd lased  under  similar condi t ions  at 
6290 ii up to about 100°K b u t   l a s i n g  a t  room temperature w a s  no t  ob- 
s e r v e d   i n  any  sample a t  t h e  maximum a v a i l a b l e   e x c i t a t i o n   d e n s i t y .   I n  
g e n e r a l ,   o u r   r e s u l t s  show t h a t   t h e   l i g h t l y  doped bulk  material has   high 
luminescent   eff ic iency  and i s  capable   of   las ing a t  thresholds  comparable  to 
o r   l ower   t han   t ha t   o f   bu lk  I I - V I  compounds under   e lec t ron  beam e x c i t a t i o n .  
Unfortunately,  material o f   t h i s   t y p e  is n o t   s u i t a b l e   f o r  laser diode 
fabr ica t ion   because   o f   the  small g r a i n   s i z e .  

As mentioned earlier t h e   e l e c t r o n  beam can  provide  higher   exci ta-  
t i o n   d e n s i t y   t h a n  is read i ly   ob ta ined  by photoluminescence  and  therefore 
can show up nea r  bandgap  emission,  which i s  present   on ly  a f te r  the  long 
wavelength  (deep level emission) i s  s a t u r a t e d .  By con t ro l l i ng   t he   i n -  
t e n s i t y   o f   t h e   e l e c t r o n  beam i t  i s  a l so   poss ib l e   t o   obse rve   t he   l ong  
wavelength  emission. 

To t es t  f o r   t h e   e f f e c t  of s t r a i n s  and v a r i a t i o n   a c r o s s   t h e   e p i t a x i a l  
lqrers, w e  have  s tudied (1nGa)P  grown on a GaAs s u b s t r a t e ,   f i r s t   w i t h  
t h e   l a y e r  on t h e   s u b s t r a t e  and l a t e r  w i t h   t h e   s u b s t r a t e  removed.  These 
observat ions  have shown s i g n i f i c a n t   s p e c t r a l   d i f f e r e n c e s  which are not  
understood  but  which are presented   here   because  o f  t h e i r   p o s s i b l e   s i g n i f -  
i c a n c e   i n  terms of nonuni formi ty   in   the  layers and p o s s i b l e   e f f e c t s   o f  
s t r a i n   r e s u l t i n g  from  growth  on  the GaAs s u b s t r a t e .  

Figure 35 shows representa t ive   ca thodoluminescent   spec t ra   o f   an  
In.5Gae5P  sample l i g h t l y  doped wi th  Cd and  compensated  by r e s i d u a l  
donors. The l ayer ,   about  10 urn t h i c k ,  was grown on Cr-doped G a A s  by 
vapor   deposi t ion.  The spec t r a   i n   F ig .   35 (b )  were obtained  with  the 
e p i t a x i a l   l a y e r   o n o t h e  G a A s  subs t ra te .   These  show s ingle   peaks  a t  6230 
f o r  77°K and 6480 A f o r  300"K, and are consis tent   with  photoluminescent  
spec t ra .   F igure   35(a)  shows s p e c t r a   f o r   t h e  same e p i t a x i a l   l a y e r  a f te r  
i t  was removed from t h e   s u b s t r a t e  by chemica l ly   d i sso lv ing   the   subs t ra te .  
The cur ren t   dens i ty   o f   exc i ta t ion   has   been   chosen   here   to  show t h e  two 
peaks  most c l e a r l y   s i n c e   t h e i r   r e l a t i v e   h e i g h t  i s  a func t ion  o f  exc i t a -  
t i o n   d e n s i t y .   S e v e r a l   f e a t u r e s  of the   spec t ra   should   be   no ted .  The 
pos i t i on   o f   t he  two peaks   sh i f t s   to   locger   wavelength   as   the   t empera-  
t u r e  is r a i s e d  and their   width  increases .   Furthermore,   the   peak  separa-  
t i o n  increases with  temperature .  On comparing  the  spectra   for   the 
e p i t a x i a l   l a y e r  o n   t h e   s u b s t r a t e   w i t h   t h o s e   f o r   t h e   e p i t a x i a l   l a y e r  
a lone  i t  is seen  that   the   emission  wavelength  for   the  former i s  about 
50 s h o r t e r  a t  77°K and  about 80 8 s h o r t e r  a t  300'K. Th i s   d i f f e rence  
cannot   be  due  to  beam h e a t i n g   s i n c e   t h e   s u b s t r a t e  makes be t t e r   t he rma l  
c o n t a c t   t o   t h e   c o l d   f i n g e r   t h a n   t h e   e p i t a x i a l   l a y e r   a l o n e .  A t  t h e  
h ighes t   cu r ren t -dens i ty   exc i t a t ion   t he  long wavelength  peak  of  the 
emission  predominates  with  almost  complete  loss of the  short   wavelength 
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Figure 35. Cathodoluminescence of epitaxial  layer of (1nGa)P at  various 

temperatures after  (a) and before (b) removal  from the G a A s  
substrate on which i t  w a s  grown by vapor-phase epitaxy. 
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peak.  Therefore, a t  t h e s e  levels of   exc i ta t ion   the   d i f fe rence   be tween 
the   peak   emiss ion   of   the   l ayer   on   o r   o f f   the   subs t ra te  i s  as much as 
90 a t  77°K and 200 a t  300°K. As a check  on  our  cathodoluminescence 
results, t h i s  same e p i t a x i a l   l a y e r ,  removed from i t s  s u b s t r a t e ,  w a s  
excited  by  photoluminescence a t  77°K. This  showed a main  peak  corre- 
spond ing   t o   t he   sho r t   wave leng th   peak   on   t he   l e f t   o f   F ig .  35 f o r  77'K. 
The longer  wavelength  peak now shows up as a weak shoulder,   which is 
p resen t   on ly  when t h e   e p i t a x i a l   l a y e r  is removed  from t h e   s u b s t r a t e .  
This   shoulder  would no doubt  be more pronounced i f  higher   densi ty   photo-  
exc i ta t ion   could   be   used .  

Cathodoluminescence  of  the two d i f f e r e n t   s i d e s   o f   t h e   e p i t a x i a l  
l a y e r   ( s u b s t r a t e  removed) may well be   d i f f e ren t   because   t he   e l ec t ron  
does .no t   pene t r a t e  more than  1 t o  2 pm i n t o   t h e  10-pm l aye r .  A number 
o f   spec t r a  were recorded on another  sample  of (1nGa)P t o  compare t h e  
emission  from  the grown s i d e  and the   i n t e r f ace   s ide .   Whi l e   t he  excita- 
t i o n  levels are not   accurate   the  comparison i s  made with  side-by-side 
samples ,   the  beam being moved from  one to   t he   o the r   w i th   no   change  
whatever i n   e x c i t a t i o n   d e n s i t y .   T h i s  new sample w a s  p-type Cd-doped 
(1.8 x 1016 cm-3) Inl-xGaxP (x  = 0.5) .  The cathodoluminescent  $mission 
a t  77°K f o r   t h e   e p i t a x i a l   l a y e r  on the   subs t r a t e   peaks  a t  6240 A whi le  
t h e  main  photoluminescence  peak w a s  a t  6265 1, wi th  a small peak a t  
6425 A. Figure 36 shows t h e   s p e c t r a  from t h e  grown s i d e  of t h e   l a y e r  
o n   t h e   l e f t ,   a n d ,   f o r   t h e  same curren t   dens i ty ,   the   spec t ra   f rom  the  
i n t e r f a c e   s i d e  on   t he   r i gh t .  On t h e  grown s i d e   o f   t h e  removed e p i t a x i a l  
l ayer   the   emiss ion   peak  a t  6270 8, i s  a t  a longer   wavelength   than   e i ther  
the  cathodoluminescence  or   photoluminescence  peak  for   the  layer   on  the 
s u b s t r a t e .  A t  2 A/cm2 a peak a t  6480 1 is  seen  which,  however,  would 
seem t o   b e  from a d i f f e r e n t   s o u r c e   t h a n   t h e  6425-1  photoluminescence 
peak,  which  occurs. a t  an   exc i ta t ion   dens i ty   o rders   o f   magni tude   lower .  

'L 

I f  w e  tu rn   to   the   ca thodoluminescence   f rom  the   in te r face   s ide   o f  
t h e  (1nGa)P l a y e r ,   t h e   s p e c t r a  are shown on   the   r igh t   o f   F ig .  35. The 
main  peak i s  a t  6300 1, which i s  a t  a considerably  longer  wavelength 
than   the   emiss ion   f rom  the  grown s i d e  of t h e   l a y e r .  The other   important  
f e a t u r e  i s  the  peak a t  6520 d which i s  only  about 70 A wide  and p e r s i s t s  
from low c u r r e n t   d e n s i t y   t o   t h e   h i g h e s t   u s e d .  

The l a rges t   e f f ec t   obse rved   he re  is the  occurrence  of   ra ther   narrow 
double  emission  peaks when t h e   e p i t a x i a l   l a y e r  i s  removed  from t h e  sub- 
strate. The presence of the  longer  peak  has  been  confirmed  in  photo- 
luminescence  although i t  is weak. Transmission  measurements  of  the 
sample  over  the  wavelength  range  from 6100 8, t o  6800 8, show no  changes 
of   s lope   cor responding   to   the  two peaks,   but  it is p o s s i b l e   t h a t   s u c h  
changes in   s lope   canno t   be   r e so lved .  
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Figure 36.  Comparison  of the  cathodoluminescence  from  the  surface 
and t h e  GaAs-(1nGa)P i n t e r f a c e   o f  a sample   ep i tax ia l ly  
grown  from the   vapor  on a GaAs s u b s t r a t e .  

I n   g e n e r a l ,   t h e  two emission  peaks are of  comparable  width, 5 50 8. 
While t h i s   w i d t h  is  reasonab le   fo r   t he   nea r  bandgap  emission i t  is  much 
too   nar row  for   the   second  peak   to   be   due   to   doping   or   impur i t ies .   Fur -  
thermore, a t  room temperature ,  a spectrum  having two narrow  peaks is 
unusual in   direct-bandgap  semiconductor   luminescence;   ra ther   the  spectrum 
cons i s t s   o f  a broad  s ingle   peak.  The narrowness  of  the  second  peak seems 
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t o   s u g g e s t   t h a t   t h e   e p i t a x i a l   l a y e r   s t u d i e d  is  inhomogeneous i n  composi- 
t i o n  and t h a t ,   i n  fact ,  t h e  material has  predominantly two compositions,  
with  bandgaps  corresponding  to  the two narrow  peaks. The relative 
amounts of t h e  two materials seem t o  va ry   w i th   dep th   i n   t he  grown l a y e r ,  
t he re   be ing  more o f   t he  material wi th  smaller bandgap  on t h e   i n t e r f a c e  
s i d e .  In other   words ,   there  is a t endency   fo r   t he   ma te r i a l   t o  become 
more  and  more s ingle   composi t ion as i t  grows. The composi t iona l   var ia -  
t i o n ,   i f   t h i s  i s  the   exp lana t ion ,  must occur   uniformly  in   the  plane  of  
t h e   l a y e r   s i n c e  moving t h e  100-pm e lec t ron   spot   a round on e i t h e r   t h e  
grown o r   i n t e r f a c e   s u r f a c e   p r o d u c e s  l i t t l e  change i n   t h e   s p e c t r a .  

No comple te   explana t ion   ex is t s   for   the   increase   in   wavelength   o f  
t he  bandgap  peak  on  going  from  excitation  of  the grown s i d e   o f   t h e  
l a y e r   a t t a c h e d   t o   t h e   s u b s t r a t e   t o   t h e  grown s i d e  of t he   l aye r   w i th   t he  
s u b s t r a t e  removed,  and f i n a l l y   t o   t h e   i n t e r f a c e   s i d e   o f   t h e   l a y e r .   I n  
some way the  wavelength  increase may be  due t o   c h a n g e   i n   a b s o r p t i o n  of 
t h e   e m i t t e d   l i g h t  as i t  is  re f l ec t ed   back  and f o r t h  between  the  sur- 
f aces  of t h e   l a y e r .   I n   t h e  case of t h e   l a y e r  on t h e  G a A s  s u b s t r a t e ,  
e m i t t e d   l i g h t   s t r i k i n g   t h e   i n t e r f a c e   r e g i o n  i s  l a r g e l y   a b s o r b e d   i n   t h e  
GaAs. Although  there is known t o   b e   s t r a i n   i n   t h e   e p i t a x i a l  layer 
which is re l i eved  when t h e   s u b s t r a t e  i s  removed, the  magnitude  of  the 
observed  spectral   change is t o o   l a r g e   t o   b e   a c c o u n t e d   f o r   i n   t h i s  way. 

4 4  

The compositional  inhomogeneities  that  seem t o  be  indicated  by.  
t hese   obse rva t ions   w i th   t he   e l ec t ron  beam may be a problem  of  particu- 
l a r  importance i n   i n j e c t i o n   l a y e r s  where  both a good diode  behavior  and 
a good o p t i c a l   c a v i t y  are e s s e n t i a l   f o r  low threshold  lasers, e s p e c i a l l y  
at room temperature .   Experiments   designed  to   s tudy  the  effects  of  sub- 
strate removal  on  diode lasers are d i s c u s s e d   i n  a later s e c t i o n .  

D. Junc t ion   P rope r t i e s  

The Inl-xG+P p-n junc t ions   p repared  by VPE frequently  have  deep 
recombination  centers  which  can  be  detected  both by t h e   r a d i a t i v e  emis- 
s i o n  a t  low c u r r e n t   d e n s i t i e s  and  by  photocurrent  measurements. To 
s tudy   the   d iodes   wi th  a minimum of d i s t o r t i o n  of t he   emi t t ed   r ad ia t ion ,  
we  prepared  surface-emit t ing p-n junc t ions   wi th   an  ohmic contact  cover- 
ing   on ly  a small p o r t i o n  of the   d iode   sur face .  The photocurrent  measure- 
ments were made on  unbiased p-n junc t ions .   F igure  37 shows t h e  photo- 
cur ren t   and   e lec t ro luminescent  spectra of a Zn-doped diode  (x % 0.5) 
grown by VPE on a G a A s  s u b s t r a t e .  The wide  emission  band  seen a t  low 
c u r r e n t s  i s  r e l a t e d   t o   t h e   i n c r e a s e d   a b s o r p t i o n  below t h e  bandgap  energy. 
The peak of the   emiss ion  a t  %7330 8, i s  approximately 0.23 e V  below  the 
bandgap a t  77°K. Comparison of t h i s  band  with  that   seen  in   the  photo-  
luminescence  of  heavily Zn-doped material [%0.19 eV below t h e  bandgap 
energy  (Fig. 3 1 ) ]  does   no t   c l a r i fy   whe the r   t he  two have  the same o r i g i n .  
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Figure 37. Electroluminescence and  photocurrent (PC) of an Inl,xGaxP diode 
at  room temperature and  77°K showing  the  presence of deep  levels. 
The material  was  grown by  vapor-phase  epitaxy on a  GaAs  substrate. 
The p-region was Zn-doped ($5 x lO18cm-3)  and  the  n-region was 
Se-doped  ($lO18cm-3). 
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VOLTAGE ( V  
38. Forward I-V characterist ic  for a Zn-doped In.5Ga.gP 

sample at 40°K showing typical  tunnelling  structure 
due to defects .  



It is poss ib l e   t ha t   t he   p rocess  of Zn d i f fus ion   i n to   t he   heav i ly   n - type  
material g ives  .rise to   o the r   deep  levels. 

The presence  of  deep levels is a l s o   r e f l e c t e d   i n   t h e  I-V charac te r -  
istics t h a t   i n d i c a t e   i m p u r i t y - a s s i s t e d   t u n n e l i n g   i n   t h e s e   j u n c t i o n s ,   b u t  
t o  a degree  that  varies from  wafer  to  wafer.   Figure 38 shows a t y p i c a l  
I-V c h a r a c t e r i s t i c   i n   t h e   f o r w a r d   d i r e c t i o n  a t  40°K with  wel l -def ined 
i n f l e c t i o n   p o i n t s  at 0.4 and 1.5 e V .  Fur ther   s tudy  is needed t o   d e t e r -  
mine the   re la t ionship   be tween  these   da ta  and the  deep levels d iscussed  
earlier. 

E. Laser P r o p e r t i e s  

Homojunct ion,   s ingle   heterojunct ion,  and  double  heterojunction 
laser s t r u c t u r e s  were prepared by W E .  The only  s t ructures   which con- 
s i s t e n t l y   l a s e d  were homojunctions i n  which  the  p-side  of  the  junction 
w a s  doped wi th  Zn. (Cadmium-doped diodes  did not: lase.)  During  growth 
a narrow (% 1-2 pm) compensated  region  (see  Fig. 39) was formed  by 
al lowing  both  the n- and  p-type  dopants to f low  in   t he   r eac t ion  a t  the  
same time. In  some cases Zn was d i f fused  after t he   ep i t ax ia l   g rowth   t o  
fur ther   ex tend   the   d i f fused   "over lap"   reg ion ,   bu t   wi th  no s i g n i f i c a n t  
impact on t h e  laser p r o p e r t i e s .  

COMPENSATED 
I ,,,,, ~ , ,  REGION 

Figure  39. Cross  sect ion  of  (1nGa)P homojunction grown on a 
G a A s  s u b s t r a t e .  The  narrow  dark  region i s  t h e  
p-type  compensated  recombination  region. 
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Extensive work w a s  done  with  In.gGa.5P  diode grown on G a A s  sub- 
trates t o   s t u d y   t h e   b e s t   p o s s i b l e  materials condi t ions .  The lowest 
t h re sho ld   cu r ren t   dens i ty  seen w a s  %30,000 A/cm2 at  77'K, w i th  a very 
s t e e p  increase in   th reshold   wi th   t empera ture   which   prec luded   las ing  
s ign i f i can t ly   above   t ha t   t empera tu re .  The d i f f e r e n t i a l  quantum e f f i -  
c iency was only  on t h e   o r d e r   o f  a few percent .   F igure  40  shows a 
t y p i c a l  laser emission  spectrum  near   threshold  of  a un i t   emi t t i ng  a t  
%6400 1. 
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Figure 40. Las ing   spec t r a  a t  two cu r ren t   l eve l s   o f  a (1nGa)P 
diode grown on a GaAs s u b s t r a t e  (77'K). 

To extend  the  las ing  wavelength  toward  the  green,   d iodes were a l s o  
grown on GaP s u b s t r a t e s   ( r e f .  42)  and  graded  to a composition  of 
In.4Ga 6P near t h e   s u r f a c e .  We ob ta ined   l a s ing  a t  77OK a t  a wavelength 
as s h o k  as 5980 A, which is the  lowest  semiconductor laser diode wave- 
length   ever   ach ieved .  The threshold  current   densi ty ,   however ,  was too  
high  (70,000 A/cm2) f o r   s u s t a i n e d   o p e r a t i o n .  



A v a r i e t y  of h e t e r o j u n c t i o n   s t r u c t u r e s ' w e r e  grown i n  an   a t tempt   to  
improve  the  performance of t h e s e  lasers. None of t he   s ing le ,   doub le ,   o r  
LOC types  of heterojunct ions  gave any ind ica t ion   of . improved   charac te r - .  
istics over   those   ob ta inable   wi th   homojunct ions ,   desp i te   the   fac t   tha t   the  
h e t e r o j u n c t i o n   b a r r i e r   h e i g h t  was kept  a t  a minimum (about  0.1 eV)  t o  
minimize  the l a t t i ce  defec t   in t roduct ion .   In   fac t ,   double   he te ro junc t ion  . 
u n i t s   d i d   n o t  lase at  a l l ,  wh i l e   s ing le   he t e ro junc t ion   dev ices   r a r e ly  
l a sed .  

A de ta i l ed   s tudy  o f   t he   e f f ec t   o f   t he   he t e ro junc t ion   i n  laser 
p r o p e r t i e s  w a s  made as fol lows:  On a standard  p-type G a A s  substrate , j ' . .a  
matched  composition  (In.5Ga.gP)  p-layer w a s  grown f i r s t ,   f o l l o w e d  by a 
compensated l a y e r  and then  an  n-type  layer.  This  program was maintained 
in   eve ry  case, but  a t  some p a r t i c u l a r  t i m e  during  the  run,  the  tempera- 
t u r e   o f   t h e   s u b s t r a t e  w a s  dropped  about 23OC, which  has   the  effect   of  
changing  the  composition grown t o  InS52Ga.48P, i .e. ,  t o  smaller E 
Thus, a he t e ro junc t ion  (HJ)  is in t roduced   i n to   t he   l aye r  a t  a p o s l t i o n  
r e l a t i v e   t o   t h e  p-n junction  dependent on the  degree  of  compensation, 
t h e   d i f f u s i o n  of z inc   dur ing   the   run ,  and poss ib ly   va r ious   o the r   f ac to r s .  
The exac t   pos i t i on  of the   he te ro junc t ion  w a s  i n f e r r e d  from  photomicro- 
graphs  of   e tched  cross   sect ions and electron  microprobe  analyses .  

8' 

TABLE I11 

Propert ies   of   Heterojunct ion Lasers 

~ "" - 

Sample EL 
<A> 
-" .~ 

103 6690 

104 6620 

105 6570 

Pos i t i on  of 
Heterojunct ion 

Re la t ive  
output  

- - ~ t ~~ 

p-side,  3.0 pm before   1 .5  

p-side,  3.5 pm before  1 

n-side,  3.5 vm a f t e r  6.9 

'breakdown 

9 ,  g radual  

14,   abrupt  

A s  shown i n  Table 111, t h e  EL emission is longe r   i n   s amples  -103  and 
104  because  the H J  w a s  in t roduced   before   the  p-n junc t ion ,  so  t h a t  Eg 
w a s  reduced.  In  sample  105,  however,  the  emission is s h o r t e r ,   s i n c e  
t h e  H J  was i n t r o d u c e d   a f t e r   t h e   j u n c t i o n .  The most s i g n i f i c a n t   f i n d i n g  
i s  t h a t   t h e   j u n c t i o n  is degraded i n   t h e  two cases where it fol lows the 
he tero junc t ion .   This  is a lmost   cer ta in ly   caused  by the   i n t roduc t ion  
of new misf i t   d is locat ions  which  propagate   through  the  junct ions.   In  
sample   105 ,   these   d i s loca t ions   on ly   occur   a f te r   the   junc t ion  s o  t h a t  
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they  cannot  have a d i r ec t   i n f luence   on   t he   j unc t ion .   Thus ,  any  attempt 
a t  in t roducing  a double HJ i n   t h i s  way must f a i l .  A s i n g l e  H J  a f t e r  
the p-n j u n c t i o n  may h e l p ,  a t  least as f a r  as t h e s e   d a t a  are concerned. 

We have   therefore   in t roduced  a H J  a f t e r   t h e  p-n j u n c t i o n ,   w i t h . t h e  
r equ i r ed   i nc rease  i n  bandgap.  The r e s u l t a n t  material, 1-92, w a s  
thoroughly  analyzed. It was found t o   b e   a n   i n e f f i c i e n t  laser compared 
with  another  sample,  1-90,  which was d e s i g n e d   t o   b e   i d e n t i c a l   t o  1-92, 
e x c e p t   t h a t   t h e  H J  w a s  omitted.   That is ,  t h e   t h r e s h o l d  was reduced 
and   t he   dev ice   r e s i s t ance   i nc reased .  The i n c r e a s e d   r e s i s t a n c e  may be  
a s soc ia t ed  with t h e   g e n e r a t i o n   o f   m i s f i t   d i s l o c a t i o n s ,  and the   i nc reased  
threshold   could   be   due   to   long-range   e f fec ts   o f   the   g rad ing ,   such  as 
stress. Of course,  w e  c a n n o t   e n t i r e l y   e l i m i n a t e   t h e   p o s s i b i l i t y   o f   o t h e r  
factors  having  changed,  such as doping i n   t h e   h i g h e r  bandgap  region. 

The th resho lds   and   e f f i c i enc ie s   ob ta ined   w i th  (1nGa)P diodes are 
i n f e r i o r   t o   t h o s e   o b t a i n e d   w i t h  GaAs o r  (A1Ga)As devices   ( see   Sec t ion  
111). We b e l i e v e   t h a t   t h e  much l a r g e r   d e f e c t   d e n s i t y   i n   t h e   h i g h l y  
doped e p i t a x i a l  (1nGa)P is  b a s i c a l l y  a t  f a u l t .  It i s  n o t   s i m p l e   t o  de- 
termine t h e  relative con t r ibu t ions   t o   t he   poor  laser performance  due 
t o  excessive i n t e r n a l   a b s o r p t i o n   [ h i g h  a i n  Eq. (7)], low i n t e r n a l  
quantum e f f i c i e n c y  r~f or   inadequate   waveguiding,  r .  An idea   o f   t he  
waveguiding  propert ies   can  be  obtained by  measurement  of  the  far-field 
r a d i a t i o n   p a t t e r n   i n   t h e   d i r e c t i o n   p e r p e n d i c u l a r   t o   t h e   j u n c t i o n   p l a n e .  
Such a measurement y i e lded  a half-power beam divergence  of  about  17",  
a va lue   typ ica l   o f   homojunct ion  laser d i o d e s   i n  GaAs. (The ind ica t ed  
o p t i c a l   s o u r c e   s i z e  is about 2 pm.) The f a c t   t h a t   J t h   f o r   t h e   p r e s e n t  - 

laser diodes is 15 t o  30 times higher  than  in  comparably  doped GaAs 
homojunction  diodes a t  77°K c a n n o t   t h e r e f o r e   b e   a t t r i b u t e d   t o   l a r g e  
d i f f e r e n c e s   i n   t h e   e x t e n s i o n   o f   o p t i c a l   f i e l d   o u t s i d e   t h e   r e c o m b i n a t i o n  
region.  The  more probable   causes  are b e l i e v e d   a s s o c i a t e d   w i t h   s l i g h t l y  
i r r e g u l a r   j u n c t i o n s   w h i c h   i n c r e a s e   t h e   l i g h t   s c a t t e r i n g ,   a n d   h i g h  
i n t e r n a l   a b s o r p t i o n  a t  defect   centers   introduced  by  the  high  dopant  
dens i ty .  The nonplanar   junct ions are due t o  enhanced   d i f fus ion   in   d i s -  
l oca t ed   o r   unusua l ly   s t r a ined   r eg ions .   In   add i t ion ,   t he   i n t e rna l  quantum 
e f f i c i e n c y   i n   t h e s e   d i o d e s   a p p e a r s   t o   b e   l o w e r   t h a n   i n  GaAs. I n   f a c t ,  
comparable  measurement-of  the.spontaneous  efficiency  (although much 
aEfected by d iode   geometry)   does   ind ica te   s ign i f icant ly  (by f a c t o r s   o f  
3 t o  5) lower  quantum  eff ic iency  than  in  a t y p i c a l   d i f f u s e d  GaAs diode 
a t  77°K wi th  similar geometry. 

It is  o f   p a r t i c u l a r   i n t e r e s t   t o  recall,  however, t h a t   t h e   l a s i n g  
s e e n   i n   l i g h t l y  doped  samples   using  e lectron-beam  exci ta t ion  indicates  
t h a t  no s i g n i f i c a n t   d i f f e r e n c e s   e x i s t   i n   t h e  pump power  needed t o  ob- 
t a i n   l a s i n g .   T h i s   s u g g e s t s   t h a t   i n h e r e n t l y   t h e  material is e f f i c i e n t ,  
bu t   t ha t   t he   i n t roduc t ion   o f   t he   h igh   dopan t   dens i ty  i s  a bas i c   sou rce  
o f   d i f f i c u l t y   i n   o b t a i n i n g   e f f i c i e n t  lasers. 
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Another   important   factor  is t h e   e f f e c t   o f   s t r a i n  which e n t e r s  due 
t o   t h e   s u b s t r a t e   l a y e r  mismatch. Removal o f   t he   subs t r a t e  w a s  found 
t o  p roduce   s ign i f i can t   e f f ec t s  on  electron-beam-pumped lasers. Related 
e f f e c t s  were a l s o   o b s e r v e d   i n   t h e  case of  incoherent  diodes.  Laser 
diodes were fabricated  f rom  the same wafer   both  with  the (1nGa)P l a y e r s  
on t h e   s u b s t r a t e  and a f t e r   t h e   s u b s t r a t e  w a s  removed. It was found 
t h a t  removal   of   the   substrate   shif ted  the  emission  toward  larger  wave- 
l eng ths ,   w i th  a double  peak  (Fig. 41); a smaller peak,   corresponding  to  
the  on-substrate   emission,  is a lso   seen .  Most impor tan t ,   the   th reshold  
cu r ren t   dens i ty  w a s  reduced by a f a c t o r  of 2.7. There is l i t t l e  doubt 
t h a t   t h e s e   e f f e c t s  are connected '   wi th   the  re l ief   of  stress induced  by 
t h e   s u b s t r a t e  mismatch.  (The q u a l i t a t i v e   a s p e c t s  of t h i s  work are 
cons i s t en t   w i th   t he   r e su l t s   r epor t ed   i n   Sec t ion   VI . )  

I I I I I I I I 

- 77'K - 
- - 

1 - 5 4  

- - 

- SUBSTRATE  REMOVED ON SUBSTRATE - 
- - 
- - 
- - 
- - 

- 
- 

6700  6600 6500 6400  6300 
WAVELENGTH 

Figure 41. Las ing   spec t r a   o f  VPE (1nGa)P wi th   t he  G a A s  s u b s t r a t e  
and a f t e r   t h e   s u b s t r a t e   h a s   b e e n  removed. 

T h a t   t h i s  stress is s ign i f i can t   can   be   apprec i a t ed  from t h e   f a c t  
t h a t   t h e  GaAs-In-gGa-gP la t t ices  were matched a t  7OOOC where  the mate- 
r i a l  w a s  grown,  whereas  the  diodes are operated at 77OK, which is f a r  
removed  from the  matching  temperature .  
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These r e s u l t s   s u g g e s t   t h a t   t h e  G a A s  subs t ra te   cannot   be   used  as 
p a r t  of t h e   d e v i c e ,   b u t   t h a t  i t  must  be removed f o r  optimum opera t ion ,  
a l though   t he   e f f ec t s   shou ld   be  less severe f o r   o p e r a t i o n   a t - r o o m  tempera- 
t u r e .  

F i n a l l y ,  a s o u r c e   o f   d i f f i c u l t y   w i t h  (1nGa)P no t   p re sen t   w i th  
( A l G a ) A s  diodes is the   f ac t   t ha t ,   because   o f   t he   g rea t e r   accep to r   i on -  
i z a t i o n   e n e r g y   i n  (1nGa)P i n   t h e   r e g i o n   o f   i n t e r e s t   f o r   v i s i b l e  lasers, 
s i g n i f i c a n t  carrier. freeze-out   occurs  a t  low temperatures.   This  in- 
creases the   d iode   r e s i s t ance  and  hence  resul ts   in   lower  power conversion 
e f f i c i ency .  

F. P rope r t i e s   o f  (1nGa)P Prepared by Liquid-Phase  Epitaxy 

1. Growth of   Epi tax ia l   Layers .  - Simultaneously  with  the  growth and 
s tudy  of  VPE material, w e  have  studied  growth  of (1nGa)P using LPE. 
For   reasons   d i scussed   e l sewhere   in   th i s   repor t ,  w e  have  used  one  type 
of s u b s t r a t e   e x c l u s i v e l y ,  i . e . ,  G a A s  w i th   t he  (111)B surface.   Thus,  
the   composi t ion   o f   the  melt has  t o  be  adjusted  to   produce  an  a l loy 
near  x = 0.5 which  most c lose ly   matches   the   subs t ra te .  Our b a s i c  ob- 
j e c t i v e   h a s   b e e n   t o  grow l aye r s   on to  GaAs which  would  compare  favorably 
with WE l a y e r s  as regards  x-ray  topography and photoluminescence. The 
r eason   fo r   t h i s   app roach  was tha t   p rev ious  work a t  RCA Labora tor ies   has  
shown t h a t  (1nGa)P layers   and  p-n junc t ions  grown by LPE were poor i n  
q u a l i t y ,   t h e  material g ross ly   d i s tu rbed ,  and the  e lectroluminescence 
e f f i c i ency   ve ry  low. I n   c o n t r a s t ,  VPE junc t ions  were p lana r ,   t he  mate- 
r i a l  was o f   e x c e l l e n t   s t r u c t u r e ,  and t h e  EL h igh ly   e f f i c i en t .   Thus ,  i t  
was clear tha t   un le s s   such  material and  junct ions  could  be grown, LPE 
j u n c t i o n s   i n  InGaP could   no t   poss ib ly   y ie ld  laser material. 

Based on t h i s  work  and a s t u d y   o f   t h e   l i t e r a t u r e ,  two approaches 
were d e f i n e d .   I n   t h e   f i r s t ,  a s tandard  LPE process  was used,  involving 
the  s low  cool ing  of  a melt r e s t i n g  on t h e   s u b s t r a t e ,  and in   t he   s econd ,  
a m e l t  is s u b j e c t e d   t o  a the rma l   g rad ien t   wh i l e   i n   con tac t   w i th   t he  
s u b s t r a t e  and a source  wafer ,  so  tha t   t he   g rad ien t   p rov ides   t he   d r iv ing  
f o r c e   f o r   t h e   d e p o s i t i o n  and t h e  material is grown a t  a cons tan t  temper- 
a t u r e .   I n  what  follows w e  d i s c u s s   t h e   r e s u l t s   o b t a i n e d   w i t h   t h e s e  and 
other  methods,   using a var ie ty   o f   sys tems.  

A t a b l e   o f  m e l t  compositions w a s  c a l c u l a t e d  from  published  data 
( r e f .  4 3 )  and  used to   p rov ide   t he   s t a r t i ng   po in t   fo r   t he   expe r imen ta l  
op t imiza t ion   of   the   l ayers .   For  most  of the  runs,   weighed amounts  of 
I n  and  InP were heated  to   the  growth  temperature  and cooled.  During  the 
run, a GaP p l a t e l e t  w a s  exposed t o   t h i s   s o l u t i o n ,  a t  the  growth tem- 
p e r a t u r e ,   t o   s a t u r a t e   t h e  melt w i th   t he  amount of  gall ium and  phospho- 
r u s   c a l l e d   f o r  by t h e  system. I n  some runs ,   In  and G a  were homogenized, 
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and  InP w a s  used t o   s a t u r a t e   t h e   s o l u t i o n   b e f o r e  and  during  the  growth. 
Figure 42 is a photomicrograph  of a cleaved  cross   sect ion  through  the 
l a y e r ,  showing t y p i c a l   s t r u c t u r e s   o b t a i n e d .   I n   g e n e r a l ,   t h e   s u r f a c e   o f  

1-37 

/ 
(InGa 

GaAs 

Figure  42.  Photomicrograph of cleaved  edge of wafer,  showing 
the  (1nGa)P l a y e r  on the  G a A s  s u b s t r a t e .  

t h e   l a y e r  shows evidence  of  degradation and  decomposition,  because  of 
the  phosphorus loss. This  w a s  e s t a b l i s h e d   i n  a d i r ec t   expe r imen t ,  by 
hea t ing   an  LPE l aye r   o f  InGaP f o r  one  minute a t  800°C i n  forming  gas. 
The s u r f a c e   l a y e r  changed  during t h i s   t r e a t m e n t ,  showing  cracks  and 
flaws  which were not   present   before .   Thus,  i t  i s  c l e a r   t h a t  800°C i s  
a high  temperature  as f a r  as material s t a b i l i t y  is  concerned.  With 
s u i t a b l e   c h a n g e s   i n   t h e  m e l t ,  l a y e r s  were grown a t  70OoC. Figure 4 3  
compares a surface  photograph  of  such a layer   wi th   one  grown a t  800°C. 
The  improved s u r f a c e  shows that  the  decomposition  problem  has  been 
reduced  by  the  drop  in   temperature .  However, other  problems,  such as 
dep le t ion ,  are expec ted   t o   be   s e r ious  a t  700OC. 

Another  approach t o   t h e  problem of decomposition is t o   s t a b i l i z e  
the  atmosphere  above  the m e l t  using  phosphine,  PH3. This   approach  has  
been   t r i ed   u s ing  a H2-10% PH3 gas  mixture.   There is no q u e s t i o n   t h a t  
t h e  m e l t  decomposition  can  be  stopped  this way. Actua l ly ,  when PH3 is 
passed  over   In   held a t  8OO"C, InP is  synthesized.  Thus,   the  problem i n  
us ing  PH3 is  not  s o  much to   p revent   the   decomposi t ion   o f  (1nGa)P b u t   t o  
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Figure 4 3 .  Surface  photomicrograph  showing  structures 
grown a t  700°C and a t  800°C. 

prevent  changing  the melt compos i t ion   i n   e i t he r   d i r ec t ion .   Th i s ,  how- 
eve r ,   r equ i r e s   ex t r eme ly   ca re fu l   con t ro l  of  gas  flow rates, so  t h a t  one 
may wish   to   look  a t  a l ternat ive  approaches,   for   example,   i sothermal  
growth. 

Isothermal  growth was at tempted,   using a system similar t o  one 
descr ibed   recent ly .*  The l aye r s   ob ta ined  were g e n e r a l l y   u n s a t i s f a c t o r y  
as t h e   i n t e r f a c e  w a s  no t   p lanar ,   nor  w a s  t he  material q u a l i t y  satis- 
factory.  Photoluminescence  measurements showed t h e  material t o  have 
poor  homogeneity as manifested by a broad  emission  spectrum. A number 
of   a t tempts  were made t o   o b t a i n   b e t t e r   l a y e r s   w i t h o u t   n o t i c e a b l e  prog- 
ress. The  main  problem was f e l t   t o   b e   t h e   i n i t i a l   w e t t i n g  of t h e  
layer   which  could  not   be   brought   under   control .   Further   a t tempts  were 
abandoned i n   f a v o r  of a sys tem  tha t  i s  descr ibed   next .  

Most of t h e  work on LPE d iscussed  s o  f a r  w a s  done  with  t ipping 
fu rnaces ,   s t a t iona ry   fu rnaces   w i th  a s l i d e r - t y p e   b o a t ,   o r   r o t a t i n g   f u r -  
naces   for   the  isothermal   growth.  The most c o n t r o l l a b l e  of a l l  t h e s e  
i s  undoub ted ly   t he   s l i de r   t ype .   In   t h i s  scheme melts can be  brought 

*G. B. S t r ingfe l low,  P. F. Lindquist ,   and R. A. Burmeis te r ,   p r iva te  
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i n to   con tac t   w i th  a wafe r   i n  a more con t ro l l ed  way than by r o t a t i o n  of 
the   boa t ,   source   wafers ,  etc.  Wafers  used to   supp ly  a des i r ed  element 
can be   handled   eas i ly ,  and t h e  melts can  be removed from the   wafers ;  
t h a t  is ,  wiped  and new melts can be   b rought   in  a t  any time. Further- 
more, a ver t ica l   t empera ture   g rad ien t   can   be  imposed on the   boa t  by 
su i t ab le   des ign  of the   furnace ,  s o  that  isothermal  growth  can  also  be 
performed. The work discussed below was done i n  some form  of s l i d e r  
boa t .  

A problem  encountered i n   t h e  growth  of  (1nGa)P junc t ions  is the  
d i f f i c u l t y   o f   a d j u s t i n g   t h e  melt compositions so tha t   t he   s econd  melt 
grows t h e  same Eg material as the  end  of  the  previous m e l t .  A method 
w a s  developed  whereby th is   matching  is  g r e a t l y   f a c i l i t a t e d .  The b a s i c  
i d e a  is t o   p r o v i d e  two G a A s  s u b s t r a t e s  s o  arranged  that   both melts, t h e  
p- and  n-melt ,   f ind  themselves  in  an  identical   environment.  Both melts 
use   o r   ga in   phosphorus   ident ica l ly ,  and both melts l o s e  material due t o  
e p i t a x i a l  growth a t  t h e  same rate.  Thus,  one  of t h e   s u b s t r a t e   w a f e r s  
is  a "dummy" wafer   used  to   equal ize   the  second melt, and the   o ther   wafer  
i s  the  "real" wafer on  which the   j unc t ion  i s  grown. This scheme i s  ex- 
pec ted   t o   be   va luab le   i n   t he   g rowth   o f  p-n j u n c t i o n s ,   e s p e c i a l l y   i f  
combined wi th  a nove l   so lu t ion   t o   t he   i n t e r f ace   p rob lem  d i scussed   nex t .  

A s  mentioned  above, a g r e a t   d e a l  of t roub le  w a s  exper ienced   in  
connect ion  with  the GaAs-(1nGa)P i n t e r f a c e .  The G a A s  s u b s t r a t e   h a s   t o  
be  chemical ly   pol ished and then  etched  before  growth;  the way the  (1nGa)P 
is brought   in to   contac t   wi th   the  G a A s  is important.  These  problems con- 
t r i b u t e   t o   t h e   d e v i a t i o n s  and f l u c t u a t i o n s   i n   t h e   r e s u l t s  and account 
f o r   t h e   f a c t   t h a t   t h e  same m e l t  composition and schedule  produces  dif-  
f e r e n t   r e s u l t s   i n  a series of  nominally  identical   runs.   Another  source 
of t r o u b l e   i n   i n i t i a t i n g  growth is t h e   p o s s i b i l i t y   t h a t   t h e   s u b s t r a t e  
su r face  becomes contaminated  during  the  run,  before  the (1nGa)P melt is 
app l i ed   t o   t he   subs t r a t e .   Th i s  is  be l i eved   t o   be  a common occurrence 
as w e  have  found  that   the   interface  between  the G a A s  s u b s t r a t e  and the  
(1nGa)P l a y e r  sometimes  contains  reddish-orange  deposits of  phosphorus 
and  phosphor compounds. In  view  of t h e   v o l a t i l i t y  of P i n   t h e  melt t he  
condensation  of  phosphorus is  no t   su rp r i s ing .  The  scheme devised t o  
overcome the  above  problems  consis ts   in   the  growth  of  a prel iminary 
layer of GaAs, j u s t   b e f o r e   t h e  (1nGa)P  growth. This  is accomplished 
by a s u i t a b l e   m o d i f i c a t i o n  of the  boat  s o  t h a t   t h e   s u b s t r a t e  i s  
pul led   under   the  G a A s  m e l t  f i r s t   ( F i g .  4 4 ) .  The temperature is then  
r a i s e d   t o  melt back   t he   subs t r a t e   su r f ace  and  dropped t o  regrow a G a A s  
l aye r .  The s u b s t r a t e  is next   pu l led   under   the  (1nGa)P b i n   f o r   t h e  
regular  growth. The i n t e r f a c e   o b t a i n e d   w i t h   t h i s  method i s  much im- 
p roved   over   the   s tandard   in te r face ,   F ig .  4 5 .  However, only a ve ry   t h in  
l a y e r  above t h e   i n t e r f a c e  shows a good s t r u c t u r e ,   t h e  rest of   the   l ayer  
grown being  grossly  disturbed,  presumably due t o   t h e  change i n  composi- 
t ion.   Al though  there  are s e v e r a l  ways i n  which the  composition can be 
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Figure  44 .  Sl ider   boa t   used  i n  t h e  LPE growth of (1nGa)P. 
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s t ab i l i zed ;   e .g . ,  by induc ing   su i t ab le   changes   i n   t he  melt composition 
during  growth  or  by  isothermal  growth, w e  have   inves t iga ted   another  
approach w e  call  growth  by p r e c i p i t a t i o n .  

Growth by p r e c i p i t a t i o n   c o n s i s t s  of avoiding any cooling by  ex- 
p o s i n g   t h e   s u b s t r a t e   t o  a supe r sa tu ra t ed  melt, while   the  boat  is he ld  
a t  a cons tan t   t empera ture .   Thus ,   on ly   tha t   par t   o f   the  melt i n   t h e  
v i c i n i t y  of t he   subs t r a t e   con t r ibu te s   t o   t he   g rowth .  The durat ion  of  
growth is s h o r t  (< 1 sec )  , and  only  very  thin  layers  were obtained. 
The usual  causes  of  compositional  variation  (phosphorus  or  gall ium loss) 
are thus  avoided.  Experimental  tests of t h i s  method were ca r r i ed   ou t  
using a s l i d i n g   b o a t .  When combined wi th   the  G a A s  as descr ibed   before ,  
a typ ica l   run   p roceeds  as follows (Fig.   46).  The melts are taken up t o  
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Figure 46.  Temperature-time  schedule  for  precipitation  growth. 
The G a A s  wafer is  s l i d   u n d e r   t h e  G a A s  melt a t  A,  and 
under   the (1nGa)P melt a t  B. The s t e p  a t  B i s  shown 
exaggera ted   in  t i m e .  

I 

800"C, t h e n   t h e   s u b s t r a t e  is s l i d   u n d e r   t h e  G a A s  melt, and the  tempera- 
t u r e  is r a i s e d   t o  816"  and h e l d   f o r  30 minutes.  The furnace  temperature 
is next  lowered  to 800°C during  which t i m e  a new GaAs l a y e r  grows on 
t h e   s u b s t r a t e ,  and the  (1nGa)P s o l u t i o n  becomes supersa tura ted .   Af te r  
t he   t empera tu re   s t ab i l i ze s ,   t he   wafe r  is pul led  under   the (1nGa)P melt 
and 10  seconds la ter  is pul led   ou t   aga in .  A series of su r face  and 
cross  section  photomicrographs i s  shown i n   F i g .  47. The composition 
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Figure 47. 
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Photomicrographs  of  the  cleaved  cross  section  ( top row, % 300X) 
and the  surface  (bottom row, % 4X), i n  a series of  runs grown by 
p r e c i p i t a t i o n .  The melt composition  changes from excess G a  over 
t h a t  needed t o  grow I n  Ga P,  t o   i n s u f f i c i e n t  Ga, as we go from 
l e f t   t o   r i g h t .  .5 .5 



of t h e  melts w a s  va r i ed  from excess Ga on t h e   l e f t   t o   i n s u f f i c i e n t  G a  
on t h e   r i g h t .  The d i f f e r e n c e   i n   l a y e r   q u a l i t y   w i t h   c o m p o s i t i o n   c a n  
thus  be  followed. A t yp ica l   t h i ckness  grown is 2.5 urn. Figure 48 is . 
a high-magnification  photomicrograph  showing  another  layer grown  by 
this technique. The p e r f e c t   p l a n a r i t y   o f   t h e   i n t e r f a c e  and the  uni-  
formity  of   the  (1nGa)P l a y e r  are ev ident .  
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Figure 48.  A high-qual i ty  (1nGa)P l a y e r  grown  on G a A s .  

Besides  photomicrography w e  have a l s o  examined t h e   s t r u c t u r e  of 
t h e s e   l a y e r s .   I n   o r d e r   t o   o b t a i n  more s i g n i f i c a n t   r e s u l t s ,   t h r e e   d i f -  
f e r e n t  InGaP l a y e r s  were compared. The f i r s t  was a l a y e r  grown by 
s tandard  cool ing,   the   second by p r e c i p i t a t i o n ,  and t h e   t h i r d  is a vapor- 
phase  layer   of   the   kind  used  in  laser f a b r i c a t i o n .  The method  used  and 
the   r e su l t s   ob ta ined  are d i s c u s s e d   i n   t h e   n e x t   s e c t i o n .  

2. X-Eay= "~ Topography ~ - Studies   of   Epi taxial   Layers .  - The c r y s t a l l i n e  
per fec t ion   of   the  (1nGa)P l a y e r s  was cha rac t e r i zed  by re f lec t ion   x- ray  
topography. The (111) LPE and (100) VPE l a y e r s  were examined using 
Cu K a l  r a d i a t i o n  and the  (440 )  and (422 )  d i f f r ac t ing   p l anes ,   r e spec t ive -  
l y .  The topograph   r ep resen t s   t he   c rys t a l l i n i ty  of t he   bu lk  of t h e  LPE 
l a y e r s  as the   depth  
10 pm f o r   t h e  1- t o  
of t h e  WE l a y e r  is 

f o r  90% a t t enua t ion   o f   t he   i nc iden t  beam is about 
2-pm-thick l aye r .  However, on ly   the   top   sec t ion  
imaged as the   dep th   fo r  90% a t t e n u a t i o n  is about 
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5 pm f o r   t h e  20-pm-thick l aye r .  (The lower  penetrat ion is due t o   t h e  
shallow  angle  of  incidence of the  x-ray beam f o r   t h e   d i f f r a c t i o n  con- 
d i t i o n s   u s e d   f o r   t h e  W E  l a y e r . )  The topographs were taken  with a 
Jarrel l -Ash Lang camera and  microfocus  x-ray  generator  and  recorded  on 
I l f o r d  G 5  nuclear   emulsions.  

Figure 4 9 .  Reflect ion  topograph of convent ional ly   cooled (1nGa)P 
l a y e r  grown on GaAs by LPE. 
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A ref lect ion  topograph  of   the  convent ional ly   cooled LPE l a y e r  is 
shown i n  Fig. 49.  The l a y e r  is of   poor   qual i ty  and is composed of 
i n d i v i d u a l   g r a i n s   w i t h   v a r i o u s   o r i e n t a t i o n s .  The dark   spots  are g r a i n s  
o r   c l u s t e r s  of g r a i n s  with approximately the same o r i e n t a t i o n  as t h e  
s u b s t r a t e .  The whi te  areas between  grains are regions  of material no t  
p r o p e r l y   o r i e n t e d   f o r   d i f f r a c t i o n .  

Figure 50 shows a re f lec t ion   topograph   of   an  LPE l a y e r  grown 
p r e c i p i t a t i o n .  The "blurred" areas are   excess   indium  on  the  surface.  

F igure  50. Reflect ion  topograph of a precipitation-grown 
(Inca) P l aye r   on  GaAs . 
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Most of the  topograph shows a uniform  layer  of (1nGa)P. The linear 
a r r a y s  of defects   observed are a long   the  <110> di rec t ions ,   which  l i e  i n  
t h e  (111) surface  of  the  wafer.   These may b e   c l u s t e r s  of m i s f i t  dis- 
locat ions  which are introduc2d by t h e  small. l a t t i c e  rnismatch  between 
l a y e r  and   subs t r a t e .   F igu re  51  i s  an opt ical   micrograph o f  t h e   s u r f a c e  
of t h e   c r y s t a l  imaged i n   t h e   t o p o g r a p h .  

Figure 51. Opt ica l   photomicrograph   of   the   sur face  of t h e   c r y s t a l  
imaged i n  the  topograph shown i n   F i g .  50. 

F igare  52 is a re f lec t ion   topograph  of  a h igh-qual i ty  W E  l a y e r .  
The  dominant feature   observed is the   c ross -ha tched   pa t te rn  on s t r i a t i o n s  
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Figure  52. Reflect ion  topograph o f  a h igh-qual i ty  VPE l a y e r .  

l y ing   a long   t he  <110> d i r e c t i o n s   i n   t h e   s u r f a c e   p l a n e  of the  (100) 
w a f e r .   T h i s   s t r u c t u r e ,   t y p i c a l   o f   h e t e r o e p i t a x i a l  VPE l a y e r s ,  is 
composed of c l u s t e r s  of m i s f i t   d i s l o c a t i o n s ,  and is undoubtedly  asso- 
c i a t e d   w i t h   t h e  l a t t i ce  mismatch  between l a y e r  and s u b s t r a t e .  The 
c r y s t a l   s u r f a c e  is shown i n   F i g .  53 .  

T h e s e   r e s u l t s   c l e a r l y   i n d i c a t e   t h a t   t h e   p r e c i p i t a t i o n  method has 
y ie lded   device   g rade  material, similar i n   q u a l i t y   t o   t h a t   o b t a i n e d  by 
vapor-phase  epitaxy. The d i f f e ren t   o r i en ta t ion   i n   c ros s -ha tched   pa t t e rn  
arises because   o f   t he   d i f f e ren t   subs t r a t e   o r i en ta t ions   u sed ,  (100) f o r  
W E  and (111) f o r  LPE . 
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Figure 53. Opt ica l   photomicrograph   of   the   sur face  of t h e   c r y s t a l  
imaged i n   t h e   t o p o g r a p h  shown i n   F i g .  52 .  

It  should  be  pointed out t h a t   i n  vapor-phase  epi taxy,   these problems 
are avoided as t h e   g a s  streams are d i rec ted   toward   the   subs t ra te   where  
they react and  generate a l a y e r  whose  composition  remains  constant as 
long as the  gas  flow  and  temperature  remain  unchanged. 

3. Discussion of LPE Resu l t s .  - Both isothermal  growth  and  conven- 
t i o n a l   c o o l i n g   f a i l e d   t o   p r o d u c e  good layers ,   and  only p r e c i p i t a t i o n  
from a super-saturated m e l t  y i e l d e d   s t r u c t u r a l l y   a d e q u a t e  material. 
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Severa l   r ea sons   can   be   sugges t ed   t o   exp la in   t h i s   r e su l t .   I n   t he  case 
of   ordinary LPE growth  by  cooling,  the  composition  of  the grown mate- 
r ia l  changes,  and t h i s   i n t r o d u c e s   m i s f i t   d i s l o c a t i o n s  and s t r a i n s .   F o r  
isothermal   growth,   one  should,   in   pr inciple ,   be   able   to  overcome t h i s  
problem  and grow constant-composition material. Our lack   of   success   in  
t h i s  method may be  due  to  unsolved  experimental   problems,  but  there may 
a l s o   b e  more fundamen ta l   d i f f i cu l t i e s .  To o b t a i n  homogeneous material, 
G a  and P have to d i f fuse   t h rough   ' t he   so lu t ion   ove r   r e l a t ive ly   l ong  
d i s t a n c e s ,   s o   t h a t   g r e a t   s t a b i l i t y  and  avoidance  of  convection  currents 
i n   t h e   s o l u t i o n  are e s s e n t i a l .  The p r e c i p i t a t i o n  method is  a very 
simple way of   solving  these  problems  and,  as shown above, is capable  of 
yielding  device-grade material. The a p p l i c a t i o n  of t h i s  method t o   t h e  
f a b r i c a t i o n  of   devices   remains  to   be  explored.  
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V. ROOM-TEMPERATURE CW LASERS: AlxGal -&s  

A. Multiple-Layer  Epitaxy  for CW Lasers 

The spec ia l   t a sk   o f   mu l t ip l e - l aye r   g rowth   o f  cw laser s t r u c t u r e s  
involves   growing  adjacent   very  thin  layers   with  widely  varying composi- 
t i o n s  and  dopings. The in te r faces   be tween  these   l ayers  must be  extremely 
f l a t  and w e l l  de f ined ;   t he re  must b e  no contamination  from  one  growth 
s o l u t i o n   t o   t h e   n e x t ;   t h e   l a y e r   t h i c k n e s s  must b e   p r e c i s e l y   c o n t r o l l e d  
with  submicron  tolerances;  and t h e   f i n a l   s u r f a c e  must b e   f r e e   o f  any 
p ro t rus ions  when the   wafe r  is withdrawn  from  the  growing  apparatus, 

There are many possible   designs  of   the   growth  apparatus ,   but   the  
l i n e a r   ( a s  opposed t o   c i r c u l a r )   m u l t i p l e - b i n   g r a p h i t e   b o a t   ( r e f .   6 )  
has  proven  the  most  popular. Two p o s s i b l e   d e s i g n s   ( r e f .  7) , among 
many, are shown schemat ica l ly   in   F ig .   54 .  In Fig .   54(a) ,  a G a A s  source  
wafer, u s u a l l y   p o l y c r y s t a l l i n e ,   p r e c e d e s   t h e   s u b s t r a t e   w a f e r   i n t o   e a c h  
b i n  and assures   sa tura t ion   of   the   so lu t ion   before   g rowth  on the  sub- 
s t ra te  is i n i t i a t e d .   F i g u r e   5 4 ( b )  is an  improvement  over t h i s   d e s i g n  
i n   t h a t   e a c h   s o l u t i o n   h a s  i ts  own source  wafer ,  and s a t u r a t i o n   o f   t h e  
s o l u t i o n s  is main ta ined   th roughout   the   en t i re   g rowth   cyc le .  The source 
wafers  are d ropped   i n to   r e l a t ive ly  small s o l u t i o n s   t h a t  are nea r   t he  
growth  temperature  and are s p r e a d   o v e r   t h e   e n t i r e   s u b s t r a t e  wafer area 
by the   qua r t z   b lock   we igh t s .  The r e s u l t i n g   t h i n   ( t y p i c a l l y  < 1 mm) 
s o l u t i o n s   y i e l d   e p i t a x i a l   l a y e r s   t h e   t h i c k n e s s   o f   w h i c h   c a n   b e   c a l c u -  
l a t e d   d i r e c t l y  from  the  phase  diagram  (ref.  44) because  the  formation 
o f   p l a t e l e t s   i n   t h e   s o l u t i o n  is great ly   reduced.   Typical   growth  eff i -  
ciencies, def ined  as t h e   r a t i o  of t he   t h i ckness  grown t o   t h a t   c a l c u -  
l a t e d  from  the  phase  diagram,  range  from  0.1  for  1-cm-thick  solutions 
t o   g r e a t e r   t h a n  0.9 f o r   s o l u t i o n s  0.2 nnn t h i ck .  More p r e c i s e   s a t u r a -  
t i o n  can  be  obtained by adding a bottom  source  wafer,  as shown i n   F i g .  
54(a) , t o  t h e   t h i n   s o l u t i o n  method of  Fig.  54(b) . Figure  55 is  a 
photograph  of a seven-bin  boat  (with  one  side removed)  which  combines 
t h e   i d e a s  of Figs .  54 (a) and 54(b) . The top  sources  are shown i n   t h e i r  
i n i t i a l   p o s i t i o n  above  the 1-g s o l u t i o n s  which w i l l  b e   f l a t t e n e d   t o  
1-nnn thickness  by t h e   a c t i o n  of the   quar tz   weights .  

The reason   fo r   t h i s   p reoccupa t ion   w i th  melt s a t u r a t i o n  i s  apparent  
i f  one  considers   the  growth  of   layers   on  the  order   of   0 .1  pm i n   t h i c k -  
ness .  Thus, i n   F i g .  56 w e  see a c ross   s ec t ion  a t  2000X magnif ica t ion   of  
a narrow  cavity  with a series o f   s t r u c t u r a l   f a i l u r e s ,   s p a c e d   p e r i o d i -  
c a l l y   a l o n g   t h e  wafer. These were caused by  growth-meltback d i f f i c u l -  
t ies which   on ly   appear   wi th   very   th in   l ayers .  

Another  source  of  growth  problems is i l l u s t r a t e d   i n   F i g .  57. One 
can see t h a t   c e r t a i n  areas of t h e   s u b s t r a t e  were not   wet ted  by the   h igh  
A 1  layers .   This   i l lus t ra tes   the   spec ia l   p roblems  which  arise i n   t h e  
growth  of (AlGa)As,  and  which are c o n n e c t e d   w i t h   w e t t i n g   d i f f i c u l t i e s  
caused,  for  example,  by oxide   f i lm  format ion  on t h e  (A1Ga)As melt. 



Figure 54. S c h e m a t i c   i l l u s t r a t i o n  of growth boat. In (a) the 
s a t u r a t i o n  of t h e   s o l u t i o n s  is completed by the 
source   wafer   p receding   the   subs t ra te   wafer  w h i l e  
i n  (b)   each   so lu t ion  is s a t u r a t e d  by i t s  own source 
wafer. 

Figure 55. Photograph of seven-bin  boat  showing  bottom as 
w e l l  as t o p   s o u r c e s   i n   t h e i r   i n i t i a l   p o s i t i o n .  
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Figure 56. Cross  section at 2000X magnification  showing poor  wetting 
of  (A1Ga)As layers  and  good wetting of GaAs layers. 

k 
Figure 57. Structural  flaws  in very thin LPE layers caused by 

poor growth  control (2000X magnification). 
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F o r   t h i s  same reason ,   the   longi tudina l   t empera ture   g rad ien t   in   the  
growth  furnace is a l s o   i m p o r t a n t .   I f   t h e   s u b s t r a t e   e n t e r s  a b i n  at a 
t empera tu re   h ighe r   t han   t he   so lu t ion   i n   t ha t   b in ,   t he re  may b e   p a r t i a l  
d i s so lu t ion   o f   t he   subs t r a t e   because   o f   unde r sa tu ra t ion  a t  the   so l id -  
l i q u i d   i n t e r f a c e ;   t h e r e f o r e ,  a decreasing  temperature   gradient  is un- 
d e s i r a b l e  when the   con t ro l   o f   ex t r eme ly   t h in   l aye r s  i s  involved. An 
increasing  temperature   gradient  is more favorable   because   there  w i l l  
be   depos i t i on   r a the r   t han   d i s so lu t ion  when t h e   s u b s t r a t e   e n t e r s  a b i n  
which is a t  a higher   temperature .  I n  e i t h e r  case, la rge   t empera ture  
g rad ien t s   r equ i r e  more rapid  cool ing,   thus  aggravat ing  the  problem  of  
l aye r   t h i ckness   con t ro l .  

The major   cause  of   l iquid  cross-contaminat ion  between  solut ions 
i n   a d j a c e n t   b i n s  is  a l so   t he   cause  of poor  wiping  after  the  growth  of 
t h e   f i n a l   e p i t a x i a l   l a y e r .  Any geomet r i c   a r t i f ac t   such  as a major 
de fec t  o r  d e n d r i t e  on t h e   s u r f a c e  w i l l  c ause   t he   so lu t ion   t o   adhe re  i n  
t h a t  area. One observes  along  both  sides  of  the  wafer,   where  the  crys- 
t a l  is he ld   i n   p l ace ,   t ha t   dendr i t e s   have  grown  and t h a t   w i p i n g   a f t e r  
t h e  las t  l a y e r  growth was incomplete.   Since  this  inhomogeneity is  
confined  to   the  edge of t h e   c r y s t a l ,  i t  is  n o t   s e r i o u s   i n  terms of 
subsequent  processing. However, a long  the  leading  edge  there  is a 
network  of small d e f e c t s ,  which are made v i s i b l e  by the  presence  of 
ga l l ium  so lu t ion   no t  removed by t h e   f i n a l   w i p i n g .  

Figure  58 is a photograph  of a m u l t i p l e   l a y e r   s t r u c t u r e  which is 
f r e e   o f  any s u r f a c e   i r r e g u l a r i t i e s .  There are gradual  s t e p s  i n   t h i s  
su r f ace   w i th  a he ight  of only 0 . 1  pm o r  less; thus,   the   wafer   can  be 
processed   for  ohmic contacting  without  the  need  of a p o l i s h i n g   s t e p .  
This is espec ia l ly   impor tan t  when t h e   a c t i v e   l a y e r s  of t h e   s t r u c t u r e  
are w i t h i n  a few micrometers of t h e   s u r f a c e  as they are i n   t h e  cw 
laser. A cleaved and s t a ined   c ros s   s ec t ion  SEM photograph  of a c r y s t a l  
with  dimensions  typical  of cw double   he te ro junc t ion  lasers is shown i n  
Fig. 59. Contact is  made t o   t h e   h e a v i l y  doped G a A s : G e  sur face   contac t  
l a y e r  grown on top  of  the (A1Ga)As p-type  region  which  provides  the 
u p p e r   d i e l e c t r i c  w a l l  of t h e  0.2-vm-thick G a A s  ac t ive   reg ion   benea th  it. 
To minimize  (vapor)  cross-contamination of t h e   s o l u t i o n s ,  germanium 
wi th  its lower  vapor  pressure is prefer red   over  Zn as an  acceptor,  
p a r t i c u l a r l y   i n   s t r u c t u r e s   w i t h   t h i n   r e g i o n s  which require  slow  growth 
(< 0.5'c/min). 

B.  CW Laser Diode  Design  Aspects 

The problem  of  designing cw laser diodes  with  high  concentrat ions 
of (A1Ga)As i n  the  recombinat ion  region  to   shif t   the   emission  wavelength 
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Figure  58.  High q u a l i t y ,  as-grown wafer   conta in ing   mul t ip le  
GaAs/AIGaAs l aye r s   r equ i r ed  f o r  DH cw lasers. 
One small square i s  0 .1  i n .  on a s i d e .  

GoAs "CAP" 

p-(ALGa)As 

REGION 

n-(AIGa)As \1 RECOMBINATIOf'4 

Figure  59. SEM photograph of a cw laser s t r u c t u r e .  
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i n t o   t h e   v i s i b l e   p o r t i o n  of the   spec t rum  cons is t s   o f  compromises  between 
the  fol lowing  requirements:  

(1) Need t o   r e d u c e   t h e   r a d i a t i o n  and carrier confinement  region 

(2) Minimum thermal  and electrical  r e s i s t a n c e .  
(3)  Minimum s t r a i n   i n t r o d u c e d  by t h e  l a t t i ce  parameter  mismatch 

( 4 )  Maximum r e l i a b i l i t y   u n d e r   c o n d i t i o n s   o f  cw opera t ion .  
(5) Minimum beam divergence. 

t o   r e d u c e   t h e   t h r e s h o l d   c u r r e n t   d e n s i t y .  

at the   va r ious   i n t e r f aces .  

The d e s i r e   t o   s a t i s f y  (1) leads  t o  problems  with (3) and (5) since 
high  bandgap  energy  steps are needed a t  t h e   h e t e r o j u n c t i o n s   t o   o b t a i n  
maximum c o n f i n e m e n t ,   w i t h   t h e   r e s u l t   t h a t   t h e   s t r a i n  is r e l a t i v e l y   h i g h  
and the beam broad.   With  regard  to  (2), it is d e s i r a b l e   t o   r e d u c e   t h e  
dis tance  between  the  recombinat ion  region and t h e   s u r f a c e   t o  a minimum. 
However, i f  t h i s   d i s t a n c e  is too  small, then  excessive o p t i c a l   l o s s e s  
can  occur as a r e s u l t   o f   t h e   p e n e t r a t i o n   o f   t h e   o p t i c a l   f i e l d   i n t o  
h ighly   absorb ing   reg ions   near   the   d iode   sur face .   In   the   d i scuss ion  
tha t   fo l lows ,  w e  present   the   resu l t   o f   the   des ign   approach   chosen   in  
t h i s  program. 

1. Radiation  and Carrier Confinement, - Two bas i c   app roaches   ex i s t   t o  
r e d u c e   t h e   t h r e s h o l d   c u r r e n t   d e n s i t y   t o  a minimum: ( a )  High b a r r i e r  
he t e ro junc t ions  at p r o p e r   s e p a r a t i o n ,   t o   e n s u r e   f u l l  carrier and r ad i -  
a t ion  confinement  and (b) very   c lose ly   spaced   he te ro junc t ions   wi th  ad- 
j u s t e d   b a r r i e r   h e i g h t s   t o   e n s u r e  a con t ro l l ed   deg ree   o f   r ad ia t ion   sp read  
in to   t he   su r round ing   h ighe r  bandgap (A1Ga)As. 

The second  approach ,   o r ig ina l ly   appl ied   to  G a A s  double   heterojunc-  
t i o n   d i o d e s   ( r e f s .  45 and 46) ,   l eads   t o  a des i rab le   combina t ion   of  low 

' t h re sho ld   cu r ren t   dens i t i e s ,   modera t e  beam divergence,  and ease of  fab- 
r ica t ion .   This   approach  w a s  used   for   the   p resent   devices .  To i l l u s -  
t rate the  basic   confinement  phenomena, w e  show i n   F i g .  60 a p lo t   o f   t he  
r a d i a t i o n   i n t e n s i t y  as a funct ion  of   dis tance  across   the  recombinat ion 
r e g i o n   f o r  a he t e ro junc t ion   spac ing  d = 0 .2  urn, assuming GaAs i n   t h a t  
region.   Three  values  of t h e   r e f r a c t i v e   i n d e x   s t e p  are chosen   to  show 
how i t  a f f e c t s   t h e   s p r e a d   o f   t h e   r a d i a t i o n   f i e l d  beyond t h e  recombina- 
t i on   r eg ion .  The areas of   the  curve are n o r m a l i z e d   t o   f a c i l i t a t e   t h e  
v i s u a l   d e t e r m i n a t i o n ' o f   t h e   f r a c t i o n   o f   t h e   r a d i a t i o n   i n s i d e   t h e   h e t e r o -  
junc t ions .  The i l l u s t r a t i v e  An va lues  of  0.06,  0.10,  and 0.22 are rep- 
r e s e n t a t i v e  of t h e   i n d e x   s t e p s   a t t a i n a b l e   w i t h   t h e   u s e  of varying 
(A1Ga)As va lues   in   the   reg ions   sur rounding   the   recombina t ion   reg ion  
(see Fig. 61* f o r  a cor re la t ion   be tween An and AEg). With the   lowes t  
An va lue ,   t he   f r ac t ion   o f   t he   r ad ia t ion   w i th in   t he   cav i ty  is very 
small w i t h   s t r o n g  tails extending 1 pm on bo th   s ides .  

*Figure  61  appears  earlier i n   t h i s   r e p o r t  as Fig.   14.  It is repea ted  
he re   fo r   t he   conven ience   o f   t he   r eade r .  
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Figure 60. 

DISTANCE  ACROSS  OPTICAL  CAVITY ( p m )  

Figure 61. 

Refractiye  index  step (An) 
at 9000 A as  a  function  of 
the  bandgap  energy  step  at 
the  heterojunction  at room 
temperature.  The  theoreti- 
cal  curve of Adam and 
Cross  (ref.  12)  does  not 
include  the  contribution 
to  An  due  to  differences 
in  the  free  carrier  con- 
centration. 

Radiation  intensity  as  a 
function of distance 
across t h e  recombination 
region  for  a  hetero- 
junction  structure  with 
indicated  geometry. 
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A quant i ta t ive   de te rmina t ion   of   the   degree   o f   rad ia t ion   conf ine-  
ment is obtained  from  Fig. 62 as a funct ion  of   both An and  d. As d is 
inc reased   fo r  a given An, t he   i n t ens i ty   con f inemen t   f ac to r   i nc reases ,  
b u t   f o r  d i n  excess of 0.8 pm, the  confinement is near ly   comple te   for  
a l l  the  An values  shown. 

0. I 0.2 0.4 0.6 0.8 ~ 

d - EFFECTIVE CAVITY WIDTH (pm)  

Figure 62. Radiat ion  confinement   factor  r 
a s  a func t ion  of recombination 
region  width and index   s tep  An. 

The choice of he te ro junc t ion   spac ing  and An v a l u e s   a f f e c t s   g r e a t l y  
t h e   f a r - f i e l d   p a t t e r n   i n   t h e   d i r e c t i o n  normal to   t he   p l ane   o f   t he   j unc -  
t i on   because   t he  beam divergence  increases   with  increasing  confinement .  
Figure 63 shows the  half-power  (full-width)  angular beam width as a 
function  of d  and An.  From Fig. 63 it is c l e a r   t h a t  a very  large  range 
of beam width  values  is p o s s i b l e  by properly  choosing d  and An. It is 
e v i d e n t l y   d e s i r a b l e   t o   o b t a i n   t h e   l o w e s t   p o s s i b l e   w i d t h   c o n s i s t e n t   w i t h  
low threshold   opera t ion .  The des ign   choice   tha t  w a s  found  most u s e f u l  
for   the   p resent   p rogram  cons is ted  of us ing  d values  between 0.2 and 
0.3 pm, wi th  An 2 0.1 (corresponding  to  bandgap  energy  steps  of AEg % 

0.2 e V  a t  t h e  two he te ro junc t ions ) .   Th i s   y i e lds  a t h e o r e t i c a l  beam 
width  of 30 t o  35'. 
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Figure 63. Beam width as a func t ion   of   index   s tep  and 
recombination  region  width.  

I n  view o f   t he   r ad ia t ion   sp read ,  it is impor tan t   to   p revent   exces-  
sive abso rp t ion   l o s ses  due t o   f i e l d   p e n e t r a t i o n   i n t o   h i g h l y   a b s o r b i n g  
reg ions  i n  the   v i c in i ty   o f   t he   r ecombina t ion   r eg ion .  The s t r u c t u r e  
used   incorpora tes  a p-type GaAs s u r f a c e   l a y e r   t o   f a c i l i t a t e  ohmic  con- 
tact. It is p o s s i b l e   t o   d e t e r m i n e   t h e   e f f e c t   o f   c h a n g e s   i n  relevant 
d i m e n s i o n s . b y   s o l v i n g   t h e   f i e l d   d i s t r i b u t i o n  and the  consequent   gain 
coef f ic ien t   needed  a t  threshold ,   t ak ing   in to   account   the   absorp t ion  
c o e f f i c i e n t s  and t h e  relative f r a c t i o n   o f   t h e  wave t r a v e l i n g   i n   t h e  
v a r i o u s   r e g i o n s   i n   t h e   v i c i n i t y  of the  recombinat ion  region.   Figure 
64 shows how t h e   r e q u i r e d   g a i n   c o e f f i c i e n t  a t  threshold  varies wi th  
the  distance  between  the  recombination  region  and  the  highly doped 
(lo19 cm-3) GaAs s u r f a c e   l a y e r   f o r   v a r i o u s   v a l u e s  of t h e  An. These 
c a l c u l a t e d   r e s u l t s  show, f o r  example, t h a t   f o r  a An = 0.1, t he   d i s -  
tance W1 should  be a t  least 1 pm. With less confinement  (e.g., 
An = 0 .06) ,   t ha t   d i s t ance  would  have t o   b e   d o u b l e d   t o  Q, 1.6 pm f o r  
the p+ r e g i o n   n o t   t o   a f f e c t   t h e  laser threshold .  
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Figure 6 4 .  Gain at  threshold  for  indicated geometry 
as  a  function  of An and "wall"  dimension. 

2 .  Thermal Problems. - The importance of the  various  layers  insofar 
as they  contribute  to  the thermal resistance can b e  estimated. Thus, 
for a planar  structure,  the temperature rise is given by 
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where d i ,  K i  r e f e r   t o   t h e   t h i c k n e s s  and  thermal   conduct ivi ty   of   the  
i t h   l a y e r   o r  material, L is the   dev ice   l eng th ,  and W the  width.  From 
t h e   d a t a   i n   F i g .  65 i t  can   be   s een   t ha t  K3 exerts a dominating 
influence  on  the  thermal  resistance.   For  example,   with W = 100 pm, 
L = 400 pm, and I V  (1 - q ) / A  = 2000 W/cm2, w e  ge t  

+ 0.4"(GaAs) + 1.25"  (metal l izat ion)  

+ 1.1" (hea t   s ink )  

Thermal C o n d u c t i v i t i e s  (Wcm "C ) 

k3 = 0.125 (A1Ga)As d3 2 lpm 

k4 = 0.5 (GaAs) d4 2 l pm 
k5 = 0.8 (In) d5 5pm 
k6 = 4 (cu 1 

-1 -1 

Figure  65. Model f o r  laser diode  thermal   conduct ivi ty  
ca l cu la t ion .  

Regardless   of   the   accuracy  of   this  estimate, t h e   f i r s t   l a y e r  com- 
posed  of (A1Ga)As is s e e n   t o   b e  more important  than any  of t he   o the r s .  
Thus, it is  an ob jec t ive   o f   p rope r   des ign   t o   keep   t h i s   t h i ckness   t o  a 
minimum. The above estimate is o p t i m i s t i c   s i n c e  i t  is based  on a gross- 
l y   s imp l i f i ed   geomet ry ,  i t  n e g l e c t s   i n t e r f a c e   e f f e c t s ,  and i t  assumes 
pe r fec t   so lde r ing .  
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Other   calculat ions  can  be made,  where  one a t t empt s   t o  assess t h e  
importance of two- or   three-dimensional   heat   f low,   as  compared wi th  
the   s imple  case of one-dimensional  flow. The quest ion  that   one  wishes 
t o  answer is whe the r   be t t e r   hea t   d i s s ipa t ion  is in  f a c t   o b t a i n a b l e  
from a given stripe geometry. A rough way t o   o b t a i n  an answer t o   t h i s  
problem  cons is t s   in   ca lcu la t ing   the   normal ized   thermal   res i s tance   for  
a s t r i p e  and a b road   a r ea   un i t ,   w i th  a s ingle   thermal   conduct iv i ty .  We 
def ine   th i s   normal ized   thermal   res i s tance  R, 

where L is the   d iode   l ength ,  K the   thermal   conduct iv i ty ,  and I V  t h e  
power input .  One obtains  for  the  one-dimensional  geometry,  R = d/W and 
fo r   t he   s t r i pe   geomet ry ,  R = (d/W)/(l  +  WIT). In   t hese   expres s ions  d 
is the  distance  between  the  recombination  region and the   hea t   s ink ,  
and W is the   dev ice   o r   s t r i pe   w id th .   Th i s  is i l l u s t r a t e d   i n   F i g .  66 
where i t  can   be   seen   tha t   the   thermal   res i s tance   for   the  str ipe does 
no t   beg in   t o   d i f f e r   f rom  tha t   fo r   t he   one -d imens iona l   s t ruc tu re   un t i l  
t h e   r a t i o  d/W becomes equa l   t o  1 o r  mre. The s t r i p e  is bene f i c i a l   ( f rom 
the   thermal   po in t  of view) when the   d i s t ance  from the  heat   s ink  approaches 
the  device  width.   For  our  devices,   with d  on the   o rder  of 2 t o  3 pm, W 

d l  W 
Figure 66.  One-dimensional  and  two-dimensional  (stripe) 

hea t   f low  ca lcu la t ion   for   an   idea l ized   geometry .  
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must b e   a l s o   e q u a l   t o  a few pm, and f o r  W 2 20 i m  the  performance of a 
one-dimensional   device  should  be  not  much d i f f e r e n t   f r o m   t h a t   o f  a s t r i p e .  
I n   f a c t ,   t h e   s i t u a t i o n  is even more d i s t o r t e d ,   s i n c e   s t r i p e   d e v i c e s   s u f -  
f e r  from la teral  l o s s  of carriers and current  confinement  problems, so 
t h a t   t h e i r   e f f e c t i v e   t h r e s h o l d   c u r r e n t   d e n s i t i e s   c a n  become 2 o r  3 times 
that  of  one-dimensional  devices (see Sec t ion  C). It appears ,   therefore ,  
t h a t  as f a r  as wide,  devices are concerned ,   s t r ipe   geometry   o f fe rs   no  
major thermaZ advantage. 

3. Curren t   Cons t r ic t ion .  - The r easons   fo r   t he   u se   o f   s t r i pe   conf igu ra -  
t i o n s   f o r  cw lasers are c o n n e c t e d   w i t h   b e t t e r   h e a t   d i s s i p a t i o n   f o r  nar- 
row devices,   with  removal  of sawed  edges  from  the  active  region  of  the 
device (shown e lsewhere   in   th i s   repor t   to   be   o f   paramount   impor tance) ,  
and wi th   reduced   th reshold   cur ren t   due   to   cur ren t   cons t r ic t ion .  To 
inves t iga t e   a l t e rna te   fo rms  of c u r r e n t   c o n s t r i c t i o n  w e  have  s tudied 
proton bombardment i s o l a t i o n   ( r e f .  47). 

Standard   l ayers  were grown and s t r i p e s   o f  metal were depos i ted  on 
the   sur face ,   which   then  became  masks f o r   t h e   p r o t o n  bombardment. Ex- 
periments were conducted  using 260-keV pro tons  a t  a dose  of 3 x lO15/cm2. 
The  bombarded l a y e r  was  processed  both  without   and  with  anneal ing  for  
15 min a t  450°C.  The th re sho ld   cu r ren t s   ob ta ined  were low,  about 150 
mA f o r   o u r   s t a n d a r d  material. However, i n   n e i t h e r  case w a s  adequate 
l i fe   ob ta ined   under   opera t ing   condi t ions .   Typica l   ou tput   d ropped  
t o  5 0 %   o f   t h e   i n i t i a l   v a l u e   i n  24 h r   r ega rd le s s   o f   annea l .  One expla- 
n a t i o n   f o r   t h i s  is a s soc ia t ed   w i th   t he  damage in t roduced  by t h e  bombard- 
ment a t  the  edge  of   the active region.  A s  r e p o r t e d   i n   o t h e r   s e c t i o n s  
o f   t h i s   r e p o r t ,   s u c h  damage can become t h e   o r i g i n   o f   d e f e c t s  which 
move into  the  recombinat ion  region  during  operat ion  and  which  reduce 
the   ou tpu t  and e f f i c i e n c y .  It appears  from  the  above work t h a t   t h e  
bombardment damage is n o t   e a s i l y  removed  by anneal ,   and  that  more ex- 
t e n s i v e   s t u d i e s  wou ld   be   r equ i r ed   t o   e luc ida te   t h i s   p rob lem  in   o rde r   t o  
o b t a i n  lasers comparable i n   q u a l i t y   t o   t h o s e  w e  ob ta in   w i th   ou r   r egu la r  
process  described  below. 

Our s tandard  method  of  producing  striped lasers invo lves   t he   u se  
of t he   s imp les t   t echn ique   ( r e f .  4 8 ) .  A l ayer   o f   S i02  is deposi ted  on 
the   su r f ace   o f   t he   wafe r   u s ing  a s i lane   vapor   phase   depos i t ion   sys tem.  
The wafer is next   coated  with  photoresis t ,   exposed  through a mask con- 
t a i n i n g   t h e   d e s i r e d   s t r i p e   c o n f i g u r a t i o n ,  and p r o c e s s e d   i n   t h e   u s u a l  
way, r e s u l t i n g   i n   n a r r o w  (5 10 t o  13 vm) openings i n  the   S i02   (wider  
widths  are a l so   used)  . Zinc is now di f fused   th rough the openings ,   to  
a depth  of  approximately  0.2 vm, a f t e r  which  the  p-surface is provided 
w i t h   s o l i d  metal contac ts .  A Sn-layer i s  used   fo r   t he   n -con tac t ,   a f t e r  
which the  material is ready   fo r   c l eav ing  and  mounting. 

A d i f f u s i o n   i s o l a t i o n   p r o c e s s  (ref. 49) f o r   c o n f i n i n g   t h e   c u r r e n t  
was also  s tudied.   This   involved  the  growth  of   an  n- layer   ( instead  of  
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t he   u sua l   p - l aye r )  on top  of   the  p- type (A1Ga)As l aye r .  Thus, cu r ren t  
cannot   f low  except   in   reg ions  made p-type  by a subsequent   d i f fus ion   s tep .  
The z i n c   d i f f u s i o n  must t h e r e f o r e   p e n e t r a t e   t o   t h e   p - t y p e  (A1Ga)As 
l a y e r ,  and not any deeper as t h a t  would a f f e c t   t h e   o p t i c a l   c a v i t y  and 
t h e  laser r e l i a b i l i t y  (see Sec t ion  D-2). Diffusion  depth is s e e n   t o  
b e  a c r i t i ca l  parameter,  and t h e   d i f f u s i o n   p r o c e s s ,   i n   g e n e r a l ,  must 
b e   c a r e f u l l y   c o n t r o l l e d   t o   a v o i d   t h e   i n t r o d u c t i o n  of   nonradiat ive cen- 
ters. By careful   Zn-control ,  w e  have  succeeded i n   f a b r i c a t i n g   l o n g -  
l i v e d  (% 1000 t o  3000 h r )  cw lasers by t h i s  method, bu t   w i th  no  advan- 
t age   on   ou r   s t anda rd   ox ide   s t r i pe   p rocess  and a lower   y ie ld   o f   usefu l  
diodes.  

4. Face t   Pro tec t ion .  - A s  shown i n   t h e   s e c t i o n  on r e l i a b i l i t y ,  w e  have 
found t h a t   f a c e t   e r o s i o n  is an   impor tan t   po ten t ia l   degrada t ion  mechan- 
i s m  i n  cw lasers. Some form  of f a c e t   p r o t e c t i o n  is thus   o f   g rea t  i m -  
por tance.  We have  experimented  with A1203 coat ings  deposi ted  by  e lectron 
beam evapora t ion ,  and wi th   g lass   coa t ings   depos i ted   by   sput te r ing .  The 
f i r s t  method appea r s   unde r   f a i r ly  good c o n t r o l  a t  p r e s e n t ,   s o   t h a t  w e  
e x p e c t   t o   b e   a b l e   t o   e v a l u a t e  its e f f e c t  on d i o d e   l i f e   i n   t h e   n e a r   f u t u r e .  
The second  method  has  been shown t o   b e   f e a s i b l e ,  and i t  o f f e r s   t h e   f u r -  
t h e r   a d v a n t a g e   t h a t   t h e   r e l a t i v e l y  low index   of   the   g lass  (% 1.5) makes 
the  deposi t ion  of   half-wave  coat ings less cr i t ical .  Half-wave coa t ings  
are used a t  p re sen t   s ince   t hey  do n o t   a f f e c t   t h e   t h r e s h o l d   c u r r e n t  of 
the  device,   a l though  one  might   for  some a p p l i c a t i o n s   p r e f e r  a d i f f e r e n t  
r e f l e c t i v i t y .  

C .  Experimental   Results 

The laser s t r u c t u r e   u s e d   f o r  most  of the  experiments  is shown i n  
Fig.  67. The las ing  wavelength w a s  va r i ed  by changing  the A 1  concen- 
t r a t i o n   i n   t h e   t h r e e   r e l e v a n t   r e g i o n s   o f   t h e   d i o d e ,   w i t h   t h e  bandgap 
energy   s tep   ranging   f rom  0 .2   to   0 .4  eV depending  on  the  specif ic  de- 
vice. I n   t h e   m a j o r i t y  of cases, the  recombinat ion  region w a s  undoped 
(n = 5 x 1016 ~ m - ~ )   t o   o b t a i n   t h e   s h o r t e s t   p o s s i b l e   l a s i n g   w a v e l e n g t h  
f o r  a given A 1  concent ra t ion .  With G a A s  in   the   recombina t ion   reg ion ,  
the   l as ing   wavelength  is 8830 1 corresponding  to   1 .40 e V ,  o r  25 meV 
below t h e   b e s t   a v a i l a b l e   v a l u e   f o r   t h e  bandgap  energy  of G a A s  a t  room 
temperature,  1.426 e V .  Thus, l as ing   does   no t   occur   v ia   the   parabol ic  
band  edges,   but  rather  through t a i l  states t h a t  are  probably  introduced 
as a r e s u l t   o f   t h e   h i g h   i n j e c t e d  carrier level   of   about   1018 cm-3 ,as 
d iscussed   e l sewhere   ( re f .  50). The e m i s s i o n   s h i f t s   t o   h i g h e r   e n e r g y  
a t  the  approximate rate of 0.01 e V  p e r  atom % A 1  in   the   recombina t ion  
region.  

The lowes t   th reshold   cur ren t   dens i t ies   have   been   ob ta ined   be tween 
8800 1 and 7800 8, w i t h   t h e   d e v i c e   c h a r a c t e r i s t i c s   b e i n g  most  reproduc- 
i b l e  at t h i s  time i n   t h e  8800 t o  8000 A range. A l l  t h e  materials were 
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drst evaluated in  broad  area  diode  form  (forming  the  diode  walls  by 
sawing).  Threshold  current  density  for  diodes 16 mils  long in the 
above  spectral  range  having  the cw structure  shown  in  Fig. 67 is  typi- 
cally  1300  to 1600 A/cm2  (see  Fig. 68) with  differential  quantum 
efficiencies  of  35  to 40%. 

/ METALLIZATION 

,P-GaAs a I p m  
P-AlzGal-zAs fi: 
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Figure  67.  Typical  laser  structure for room-temperature  cw  operation. 
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Figure  68.  Dependence  of  threshold  current  density  at  room 

temperature  on  lasing  wavelength  of  (A1Ga)As  cw 
laser  structures  (broad  area  contacts). 
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Figure 69. Threshold   cur ren t   dens i ty  vs. tempera ture   for  
laser w i t h   s i l i c o n   i n   t h e   r e c o m b i n a t i o n   r e g i o n  
( A l e  1Ga. gAs) , and  an  undoped  recombination 
region. 

The dependence of t he   t h re sho ld   cu r ren t   dens i ty  on temperature is  
a function  of  the  doping  of  the  recombination  region.  In  general ,  i t  
i s  des i r ab le   t o   min imize   t he   t h re sho ld   i nc rease   w i th   i nc reas ing  temper- 
a t u r e   i n   o r d e r   t o   a l l o w   t h e   w i d e s t   p o s s i b l e   l a t i t u d e   i n  cw opera t ion .  
Figure 69 shows the   t empera ture   increase   o f   J th   for  two lasers, one 
with  an undoped  recombination  region  and  the  other  with a recombina- 
t ion   reg ion   conta in ing   about  5 x 1018 cm-3 s i  atoms. me J th   i nc rease  
with  temperature  is  seen   t o   be   r educed   t o  some e x t e n t  by t h e   a d d i t i o n  
of S i  (Q 5 x 10 l8  cm-3) to   t he   r ecombina t ion   r eg ion ,   bu t   t he   e f f ec t  
is n o t   s u f f i c i e n t l y   l a r g e   t o   b e  a dominant f a c t o r ,  and o the r   dev ice  
aspec ts  are the re fo re   t o   be   cons ide red   o f  more importance.  For  the 
undoped diode , 

Jth a exp - AT 
T 
0 

93 



wi th  To = 72'K. The  above  expression is u s e f u l   i n   e s t i m a t i n g   t h e   j u n c -  
t i on   t empera tu re  rise as a func t ion  of du ty   cyc le  by no t ing   t he   t h re sh -  
o l d   i n c r e a s e .   A l s o   u s e f u l   i n   t h i s   r e g a r d  is t h e  dependence  of  the 
emission  wavelength.   Figure 70 shows t h a t  above room temperature, for 
a diode  with  an undoped recombination  region  (n = 5 x 1016 cm-3), 

AhvL 

AT 
- =  5 x eV/K. (17) 

S l i g h t   v a r i a t i o n s  are observed   in   o ther   d iodes   wi th   d i f fe ren t   doping  
leve ls ,   bu t   the   above   va lue  is r e p r e s e n t a t i v e  of s i m i l a r l y   c o n s t r u c t e d  
diodes.  

Figure 70. Lasing  energy as a func t ion  of diode temp- 
e r a t u r e   f o r  undoped recombination re ion  DH 
laser e m i t t i n g   i n   t h e  8000- t o  8200- P range. 
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The major i ty   o f   the  cw laser s t r u c t u r e s  were made u s i n g   S i 0 2   s t r i p e  
i s o l a t i o n  w i t h  s t r i p e   w i d t h s   o f  13 pm. I n  some wafers,   comparative anal- 
yses  were made w i t h   s t r i p e   w i d t h s   o f  50  and 100 vm. Table I V  compares 
the   t h re sho ld   cu r ren t s   fo r   t he   t h ree   s t r i pe   w id ths .   Because   t he  car- 
riers s p r e a d   b e n e a t h   t h e   s t r i p e  a minimum dis tance   o f  a d i f f u s i o n   l e n g t h  
within  the  recombination  region,  and  since  current  confinement  depends 
o n   t h e   r e l e v a n t   l a y e r   c o n d u c t i v i t i e s ,   t h e   e f f e c t i v e   d i o d e   w i d t h  is sev- 
eral micrometers   wider   than  the  s t r ipe.   For   the 13-pm s t r i p e ,   t h e   e f f e c -  
t ive  width as measured  by infrared  imaging  of   the  emit t ing  diode  region 
i s  t y p i c a l l y  18 pmy whi le   wi th   the  50-pm s t r i p e   w i d t h  i t  is 55 t o  60 pm. 
As seen i n   T a b l e  IVY t h e   d i f f e r e n c e   i n   t h r e s h o l d   c u r r e n t   d e n s i t y  be- 
tween the  wide  diodes and  narrow  s t r ipes  is about a f a c t o r  of two. The 
r educ t ion   i n   d iode   e f f i c i ency   no ted   w i th   na r row  ox ide   s t r i pes  is gen- 
e r a l l y   a t t r i b u t e d   t o   o p t i c a l   l o s s e s  as w e l l  as carrier l o s s e s   i n   t h e  
r e g i o n s   a d j o i n i n g   t h e   s t r i p e   ( r e f .  51). 

The shor tes t   wavelength  a t  which cw laser ope ra t ion  w a s  ob ta ined  
at o r   n e a r  room temperature w a s  7800 8 c o n s i s t e n t   w i t h   t h e   a b i l i t y   t o  
ob ta in   very  low th re sho ld   cu r ren t   dens i t i e s .   F igu re   71  shows the  
power output  of a cw laser emi t t i ng  a t  %7800 8, as a func t ion   of   d iode  
cur ren t .   F igure  72 d i sp lays   t he   spec t r a l   emis s ion  as a funct ion  of  
cu r ren t ,   w i th  power e m i t t e d   i n d i c a t e d   f o r   e a c h   s p e c t r a l   p l o t .  The 
diode shown exh ib i t s   t he   des i r ab le   p rope r ty   o f   na r rower   spec t r a l   w id th  
w i t h   i n c r e a s i n g   c u r r e n t   r e s u l t i n g   i n   o n l y  two l ong i tud ina l  mode l i n e s  
at a 0.6-A cu r ren t  level.  Other lasers do not  show t h i s  improved  modal 
s e l e c t i v i t y   w i t h   i n c r e a s i n g   d r i v e ,   f o r   r e a s o n s  as ye t   unc lea r .  The 
f a r - f i e l d  beam p a t t e r n   f o r   t h e  same device is shown i n   F i g .  73. The 
half-power f u l l   w i d t h   i n   t h e   d i r e c t i o n   p e r p e n d i c u l a r   t o   t h e   j u n c t i o n  
is 3 0 " ,   w h i l e   i n   t h e   o t h e r   d i r e c t i o n   t h e  beam divergence is 6" .   In  
genera l ,  w e  f i n d   t h a t   t h e  beam divergence is no t   g rea t ly   a f f ec t ed  by 
t h e  increase i n   d r i v e   c u r r e n t  above  threshold.  

During  the  present  program,  only a l imi t ed  number of  experiments 
were conducted i n   a c t u a l l y   f a b r i c a t i n g  cw laser diodes  with  emission 
wavelengths  below 7800 A. We d id   f i nd   t ha t   t he   add i t ion   o f  aluminum 
t o  a l l  of   the  regions  of   the  laser s t r u c t u r e   t o   s h i f t  i t s  wavelength 
t o   s h o r t e r   v a l u e s   r e s u l t e d   i n   a n o m a l o u s l y   h i g h   t h r e s h o l d   c u r r e n t  den- 
sities f a r   i n   e x c e s s   ( f a c t o r   o f  2 t o  3)  of  what  would  be  expected  on 
t h e   b a s i s  of t h e   t h e o r e t i c a l   s h i f t   o f   t h e   i n t e r n a l  quantum e f f i c i e n c y  
wi th   i nc reas ing  aluminum. For  example, at 7600 A,  the   th reshold   cur -  
r e n t   d e n s i t i e s  were about  5000 A/cm2,  i n s t ead   o f   t he   expec ted  2000 
A/cm2. No obvious  metal lurgical   f laws  could  be  found  in   these lasers, 
which  would exp la in   t he i r   r e l a t ive ly   poor   pe r fo rmance .  We suspec t  
t h a t   t h e   s t r a i n s   i n c o r p o r a t e d   i n   t h e s e   s t r u c t u r e s  are a t  least p a r t l y  
responsible  for  the  above  anomalous  behavior,   and means of   reducing 
these  have  to   be  found  to   improve  these  devices .  

S e v e r a l   s t u d i e s  were made to   de te rmine   the  power l i m i t  ach ievable-  
under cw ope ra t ion  by  changes i n   t h e   e f f e c t i v e   d i o d e  area. These 
s t u d i e s  were conducted  with material emit t ing  between 8100  and  8400 ly 
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TABLE I V  

E f f e c t   o f   S t r i p e  Width  on  Threshold  Current 

S t r i p e  Width (pm) 1 1 3  I 50 I 100 

- 

Jth rsUmed f u l l   p l a n a r  ] 1600 2100 4130 
confinement 

(With current   1520 

Jth spread) 1 'l::opm) I :Z:Oprn) 1 (105 pm) 

CURRENT ( m A )  

Figure  71. CW power output vs. d iode   cyr ren t  
f o r  laser emi t t i ng  a t  7800 A .  
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WAVELENGTH (a) 
Figure  72. CW spec t r a l   emis s ion  as a func t ion  of 

c u r r e n t   f o r  laser wi th   the  power curve 
shown i n   t h e   p r e v i o u s   f i g u r e .  
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Figure  73. F a r - f i e l d   p a t t e r n   8 f  cw laser 
emi t t i ng  a t  Q7800 A.  
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Figure  74. Power emission  from  one laser f a c e t  as a func t ion  
o f   d i r e c t   c u r r e n t   f o r  two lasers se lec ted   f rom 
d i f f e r e n t   w a f e r s   o p e r a t i n g  a t  room temperature.  
(a) Diode  with 50-ym-wide s t r i p e   c o n t a c t ;  
(b) diode  with 100-ym-wide s t r i p e   c o n t a c t .  
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u s i n g   t h e   S i 0 2 - i s o l a t i o n   s t r i p e - c o n t a c t   p r o c e s s   w i t h   s t r i p e   w i d t h s   o f  
13, 50,  and 100 pm. Figure  74(a) shows the  current   dependence  of   the 
l i g h t   e m i t t e d  by a diode  having a 50-pm s t r i p e   w i d t h .  The cw thresh- 
o ld   cu r ren t  is 0.76 A and t h e  cw power output  peaks a t  90 mW (one 
s i d e )  a t  a cur ren t   o f  1.3 A .  The s a t u r a t i o n   i n   t h e  power output  is 
due to   the   increase   wi th   cur ren t   o f   the   junc t ion   tempera ture  and t h e  
consequen t   i nc rease   i n   t he   t h re sho ld   cu r ren t   dens i ty .  The p o s i t i o n  
of   the  maximum i n   t h e  power output  depends  on  the  thermal  and elec- 
tr ical  r e s i s t ance   o f   t he   d iode ,  and  on the   t h re sho ld   cu r ren t   dens i ty  
dependence  on  temperature  (ref. .52).  

Somewhat higher  peak power levels are ob ta ined   w i th   w ide r   s t r i pes .  
Figure  74(b) shows t h e  cw power output  from  one  facet  of a 100-um-wide 
s t r i p e   d i o d e  as a func t ion  of d i r e c t   c u r r e n t .  Here t h e  power output  
s a t u r a t e s  a t  100 mW (200-mW t o t a l   e m i s s i o n )  at a cur ren t   o f  1 .6  A .  

D. R e l i a b i l i t y  of Room-Temperature CW Lasers 

Power reduct ion   under   opera t ing   condi t ions   o f  cw lasers can  oc- 
cur  as a ‘ r e s u l t   o f   t h r e e   b a s i c   f a c t o r s :  

(1) I n c r e a s e   i n   d i o d e   e l e c t r i c a l   a n d / o r   t h e r m a l   r e s i s t a n c e .  
(2) Facet damage. 
(3)  Changes i n   t h e   b u l k  of the  device  due  to   the  formation 

of nonrad ia t ive   cen te r s .  

The f i r s t  problem is e a s i l y   c o n t r o l l e d  by appropr i a t e  care i n  
d iode   f ab r i ca t ion  and contact   procedures  and is no t  a problem i n  
present   diodes.  The o the r  two areas are d iscussed  below. 

1. Facet Damage. - Facet damage can  occur i f   t h e   d i o d e  is operated 
under  conditions  where  moisture is allowed  to  condense on t h e  laser 
f a c e t ,  and is a c c e l e r a t e d   i f   d u s t   p a r t i c l e s  se t t le  on t h e   f a c e t .  
Figure 75 showa the  appearance  of   the  facet  after long-term  operation 
i n   t h e   l a b o r a t o r y   w i t h   t h e   f a c e t   u n p r o t e c t e d .  Water condensation on 
t h e   f a c e t s   c a n   o c c u r ,   i f   t h e   h e a t   s i n k  is maintained a few degrees be- 
low room temperature.  

Another mode of f a i l u r e   o c c u r s   i f   t h e  power output  is excessive,  
independent  of  the  above  ambient  conditions. 

It is known t h a t   f a c e t  damage in   d iodes   ope ra t ed   i n   t he   pu l sed  
mode can  occur when t h e   o p t i c a l   f l u x   d e n s i t y  is s u f f i c i e n t l y   h i g h  
( r e f .  53). The  power level a t  which damage occurs   decreases   with  in-  
c reas ing   pu lse   l ength   ( re f .   54) .  It i s  of   g rea t   impor tance ,   therefore ,  
to   determine  whether   the power leve ls   descr ibed   above   for  room- 
temperature cw lasers can  lead  to  laser degradation  caused by f a c e t  
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Figure 75. Scanning  electron  micrograph of c w  l a s e r  
d i o d e   a f t e r  900 hr  of  operation,  showing 
f a c e t  damage. The diode was operated i n  
an  unprotected  laboratory  ambient.  

damage. These  facet  damage e f f e c t s  were s t d i e d   i n   t h e  13- and 50- 
pm-wide s t r ipe   d iodes ,   where  damage could   be   induced   wi th in   re la t ive ly  
sho r t   pe r iods  of time (order  of 1 h r )  when the   d iodes  were operated a t  
the i r   peak   op t i ca l   ou tpu t .  The d iode   f ace t s  were uncoated,  and  the 
damage experiments were conducted i n  a normal  laboratory  ambient  with 
t h e   h e a t   s i n k   t e m p e r a t u r e   k e p t   c o n s t a n t   a t  ~20'C. 

We cons ider ,   fo r   example ,   face t  damage r e s u l t s   o b t a i n e d   w i t h   t h e  
50-pm-wide s t r i p e  laser i n i t i a l l y   e m i t t i n g  90 mW f rom  one  facet .  The 
power output   g radual ly   decreased   un t i l ,  a t  one   quar te r  of i t s  i n i t i a l  
va lue ,   t he  damaged region on t h e   f a c e t  shown i n   F i g .  76 w a s  observed. 
The damaged region is 25 pm wide and occur s   i n   t he   cen t r a l   r eg ion   unde r  
the   s t r ipe   contac t   where   the   cur ren t   and ,   hence ,   the  power emission 
are a t  a maximum. Facet  damage could  not  be  induced  under similar tes t  
cond i t ions   i n   l e s s -e f f i c i en t   d iodes   ope ra t ing  a t  t h e  same c u r r e n t  of 
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Figure  76. Optical   micrograph  of   the  facet  damage fol lowing 
ope ra t ion  a t  t h e  90-mW emission level from a 50- 
pm-wide s t r i p e  diode. The ex ten t  of t h e  damaged 
reg ion  is less t h a n   t h e   f u l l   w i d t h   o f   t h e   s t r i p e .  

1.3 A ( f o r  example,   diodes  emitt ing  only 70 mW ins tead   of  90 mW), sug- 
ges t ing  a cor re la t ion   be tween  face t  damage and t h e  power emission 
level. Other   observat ions were cons i s t en t   w i th   t h i s   hypo thes i s .  No 
f a c e t  damage w a s  induced i n   t h e  100-pm-wide s t r ipe   d iodes   where  a 
h igher  power level (110 mW) w a s  emitted  from a region  about  twice as 

- wide. 

The fol lowing comments are r e l e v a n t   t o   t h e   f a c e t  damage da ta :  

(1) The power level a t  which damage w i l l  occur w i l l  depend  on 
t h e   e x t e n t  of t h e   r a d i a t i o n   s p r e a d   i n   t h e   p l a n e   o f   t h e   j u n c t i o n   ( e f f e c -  
t i ve   d iode   w id th )  and i n   t h e   d i r e c t i o n   p e r p e n d i c u l a r   t o   t h e   j u n c t i o n  
( rad ia t ion   conf inement ) .  A s  shown by n e a r - f i e l d   s t u d i e s ,   t h e   e f f e c -  
tive l a s ing   w id th  of t h e  13-pm s t r i p e   d i o d e s  w a s  about 20 pm, whi le  
t h a t   o f   t h e  50-pm s t r i p e   d i o d e s  w a s  about 60 pm. There fo re ,   i n   t he  
s p e c i f i c   s t r u c t u r e s   d i s c u s s e d ,   f a i l u r e   o c c u r r e d  a t  levels of  about 
1.5 mW p e r  mm o f   e f f ec t ive   d iode   w id th .   (Cons ide r ing   t he   h igh   f i e ld  
i n t e n s i t y   t o   s p r e a d   o v e r  1 pm i n   t h e   d i r e c t i o n   p e r p e n d i c u l a r   t o   t h e  
j u n c t i o n ,   t h e   o p t i c a l  power dens i ty  is Q1.5 x lo5 W/cm2.) 

(2) It is known t h a t   c o a t i n g s  wh ich   r educe   t he   f i e ld   i n t ens i ty  
a t  t h e  laser f a c e t   i n c r e a s e   t h e i r  damage limit i n   t h e   p u l s e d  mode 
( r e f .  55). A similar improvement is e x p e c t e d   i n  cw laser diodes.  

The damage resu l t s   descr ibed   above  are phenomena which  occur i n  
a r e l a t i v e l y   s h o r t  t i m e  per iod.  It is ev iden t ly  of p r a c t i c a l   i n t e r e s t  
to determine  the power level which  can  be  sustained  for  long-term 
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opera t ion   (> lo00   h r )  . Such tests were conducted  with the diodes  oper- 
a t i n g   i n  a dry  a i r  atmosphere  to   e l iminate   long-term effects due t o  
moisture.  Both 13-pm-wide s t r i p e  lasers and 50-pm-wide lasers were 
s u b j e c t e d   t o   e x t e n d e d   l i f e  tests a t  power levels of  about  one-third 
t h e  maximum a t t a i n a b l e  from a given  device.  The output  from  one  facet 
as a func t ion   of   opera t ing  time a t  a fixed current is shown i n   F i g s .  
77(a)  and  77(b). It is s e e n   t h a t   t h e  50-pm-wide s t r i p e   d i o d e  is emit- 
t ing  an  average  of  33 mW from  one f a c e t  (66 mW t o t a l )   f o r  more than 
1000 h r   w i t h  a dr ive   cur ren t   o f  1 A .  The 13-pm-wide laser is emi t t i ng  
between 6 and 7 mW f o r  more than 2000 h r .  (The f l u c t u a t i o n s   i n   t h e  
power ou tpu t   s een   i n   F ig .  77 are b e l i e v e d   t o   b e   r e l a t e d   t o   s l i g h t  ' 

changes in   t he   ambien t   t empera tu re ,   wh ich   r eve r s ib ly   a f f ec t   t he  
threshold   cur ren t . )  It is clear, however, t h a t   i n s u f f i c i e n t   d a t a  are 
a v a i l a b l e   t o   p r e c l u d e   s t a b l e   o p e r a t i o n  a t  even   h igher   opera t ing  power 
levels. 

2. Bulk  Degradation  Effects.  - The r e s i s t a n c e   t o   g r a d u a l   d e g r a d a t i o n  
of laser diodes i s  known t o   b e   s t r o n g l y   i n f l u e n c e d  by m e t a l l u r g i c a l  
f a c t o r s ,   s e v e r a l  of which  have  a l ready  been  ident i f ied,   such as d i s -  
loca t ions ,   impur i ty   p rec ip i ta tes ,   and   contaminants   ( re fs .  56  and 57). 
We now d i scuss  two a d d i t i o n a l   f a c t o r s   t h a t  are shown t o   e x e r t  a s t rong  
in f luence  on t h e   l i f e   o f  cw laser diodes.   These are: (I) t h e   n a t u r e  
of t h e   z i n c   d i f f u s i o n ,  which is f requent ly   used   to   improve   the   per -  
formance  of  ohmic c o n t a c t s   o r   t o   p r o v i d e   i s o l a t i o n   i n   s t r i p e   c o n t a c t  
geometries,  and (2)  mechanical s a w  damage t o   t h e  laser s idewal l s .  

The e f f e c t  o f   excess ive   z inc   d i f fus ion  on d i o d e   l i f e  was s tud ied  
in   the   fo l lowing   type   o f   exper iment .  The p-surface  of   the  wafer  was 
p ro tec t ed   w i th   S i02   excep t   fo r  13-pm-wide s t r i p e  windows. Zinc w a s  
nex t   d i f fused   t o  a depth  of 1 pm, us ing   an   excess   z inc   source   in  a 
sea l ed  ampoule.  The d i f f u s i o n   f r o n t ,  as revea led  by e t ch ing ,  was 
loca ted  a t  t h e  boundary  between  the  p-wall   and  the  cap  layer.  It 
i s ,  however, p o s s i b l e   t h a t  some z inc   (o r   a s soc ia t ed  l a t t i ce  d e f e c t s ) ,  
not   revealed by e t c h i n g ,   p e n e t r a t e s   i n t o   t h e  "p-wall" o r   e v e n   i n t o  
the  recombinat ion  region.   This  would b e   s i g n i f i c a n t   h e r e   s i n c e   t h e  
p-wall  had a th ickness   o f   on ly   0 .5   to   0 .8  pm, which makes t h e  latter 
p o s s i b i l i t y  more l ike ly .   Cont ro l   sec t ions   o f   the  same wafer  were 
processed  without   diffusion.   Both  sect ions  of   the  wafer  were then 
meta l l ized  and  assembled  for  operation by  mounting on copper   heat  
s inks .  

A comparison  of  the l i f e  of t he   d i f fused  and the   nondi f fused  
diode, shown i n   F i g .  78 ,  reveals a la rge   d i f fe rence .   Diodes  were 
operated a t  500 mA, which was below l a s i n g   t h r e s h o l d ,   i n   o r d e r   t o  make 
the  emission more d i rec t ly   dependent  on i n t e r n a l  quantum e f f i c i e n c y .  
Note   tha t   the   d i f fused   d iode   degraded   to   ha l f  i t s  i n i t i a l   o u t p u t   i n  
40 hours,   while  the  nondiffused  diode  remained  unchanged. 
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Figure 77. Power  emitted  from  one  facet  of  cw  (A1Ga)As  lasers  oper- 
ating  at  room  temperature  at constant current. (a) Diode 
with  50-pm-wide  stripe  operating  at  a  drive  current of 
1 A; (b) diode  with  13-pm-wide  stripe  operating  at  0.33 A. 
The  fluctuations  in  the  power  output  are  partially  due  to 
slight  changes  in  the  ambient  temperature,  which  reversibly 
changes  the  threshold  current  density. 
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Figure  78. Power output  as a func t ion   of  t i m e  f o r  two diodes 
f a b r i c a t e d  from the  same wafer   but   processed 
d i f f e r e n t l y .  One diode had a deep   z inc   d i f fus ion  
($1 pm) f rom  an  excess   z inc  source  pr ior   to  ohmic 
c o n t a c t   a p p l i c a t i o n ,   w h i l e   t h e   o t h e r   d i o d e  w a s  
no t   d i f fused .  

It is i m p o r t a n t   t o   n o t e   t h a t   s t a b l e   o p e r a t i o n   i n   t h e   l a s i n g  state 
was cons i s t en t ly   ob ta ined   no t   on ly   fo r   t he   und i f fused   d iodes ,   bu t   a l so  
f o r   d i o d e s   s i m i l a r l y   d i f f u s e d   w i t h  shaZZa, di f fus ion   depths ;  i . e . ,  
not  more than a f r a c t i o n  of a micrometer.  For  example,  Fig. 79 shows 
the   nea r ly  similar cw power output  as a func t ion  of cu r ren t  of a 
shal low-diffused  diode  before  and a f t e r  2000 hours  of  continuous  oper- 
a t i o n  (at  which p o i n t   t h e  test was stopped) .  It appears ,   therefore ,  
t h a t   t h e   z i n c   d i f f u s i o n   f r o n t   ( i n c l u d i n g   t h e   a t t e n d a n t   d i s r u p t i o n  of 
t h e  lat t ice) must be  kept  away from the  recombinat ion  region and even 
the   p -wa l l   t o   ensu re   r e l i ab le   l ong- t e rm  ope ra t ion .  

It is  p robab le   t ha t   t he   h igh   su r f ace   concen t r a t ions   o f   z inc   u sed  
for   the   p resent   exper iments   cause   format ion  of de fec t s ,   i nc lud ing  
vacancies,   which  enhance  the  degradation rate. However, some of t h e s e  
z inc   d i f fus ion- induced   e f fec ts  may e n t e r ,   r e g a r d l e s s  of t h e   d i f f u s i o n  
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Figure  79. Power output  vs. c u r r e n t  of a c w  laser diode  with a 

sha l low  z inc   d i f fus ion   (under  1 pm; i.e., no t   a f f ec t -  
ing  the  recombinat ion  region)   before  and a f t e r  
2000 h r  of  continuous  operation. The diode w a s  
o p e r a t e d   i n  a dry a i r  atmosphere  to   prevent   facet  
damage. 

p r o c e s s ,   i f   t h e   d i f f u s i o n   f r o n t  is too   c lose   t o   t he   r ecombina t ion   r eg ion .  
This  w i l l ,  of course ,   be   the  main  problem i n   d i f f u s i o n - i s o l a t e d   s t r u c -  
t u re s   where   ca re fu l   con t ro l  and p o s s i b l y   d i f f e r e n t   d i f f u s i o n   p r o c e s s e s  
are required.  

The second  major   aspec t   a f fec t ing   re l iab i l i ty   concerns   the  method 
of def in ing   the   d iode   edges ;  i . e . ,  the n a t u r e  of the  s idewalls .   Diodes 
having sawed s i d e s   i n s t e a d   o f   t h e   p l a n a r   s t r i p e - c o n t a c t   s t r u c t u r e  
described  above are much more suscep t ib l e   t o   g radua l   deg rada t ion .  This 
was shown by comparisons  of  diodes  formed by t h e  two methods,  using  the 
same wafer.   Figure 80 shows t h e   r e s u l t s  of a r e p r e s e n t a t i v e  test 
conducted  using a sawed-side  diode  cut  from  the same wafer t h a t   y i e l d e d  
t h e   r e l i a b l e   d i o d e  shown i n   F i g .  79. Figure  80(a)  shows t h e  power output  
as a func t ion   of   cur ren t   o f   the   d iode   opera t ing  cw a t  t h e  start  o f   t he  
test and a f t e r   s h o r t  t i m e  o p e r a t i n g   i n t e r v a l s .  The rap id   degrada t ion  
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Figure  80. Power ou tpu t   v s .   cu r ren t   fo r  a broad area, sawed 
s i d e ,   d i o d e   o p e r a t i n g  cw. The diode  degradat ion 
is evident  as shown, b o t h   i n   t h e   d c  mode (a), and 
the   pu l sed  mode fb), by the  displacement  of t h e  
c u r v e s   a f t e r   a n   i n i t i a l  42 min,  followed  by an 
a d d i t i o n a l  1 7  min a t  a h i g h e r   c u r r e n t  made 
necessary by t h e   i n c r e a s e   i n   t h e   t h r e s h o l d   c u r -  
r e n t .  The ope ra t ing   cu r ren t   dens i ty  was %1600 A/cm2. 

106 



within  one  hour  is s t a r t l i n g .  No f a c e t  damage  was observed. The f a c t  
t h a t  true bulk  changes are occur r ing  is confirmed by  measurements of 
the  pulsed  power-current  curves shown i n  Fig. 80 (b) . Note t h e   i n c r e a s e  
i n  t h e   t h r e s h o l d   c u r r e n t  and t h e   d e c r e a s e   i n   t h e   d i f f e r e n t i a l  quantum 
ef f ic iency ,   t rad i t iona l   fea tures   o f   g radual   degrada t ion   in   the   absence  
of f a c e t  damage. The diode  near-f ie ld   emission became inc reas ing ly  
spo t ty   i n   t he   cou r se   o f   ope ra t ion ,   be ing   pa r t i cu la r ly   r educed  a t  t h e  
d i o d e   s i d e w a l l s .   S i n c e   t h i s   d i o d e  was opera ted  a t  a c u r r e n t   d e n s i t y  
(%1875 A/cm2) equa l   t o   o r   l ower   t han   t ha t   p reva i l i ng   i n   t he   s t r i pe -  
con tac t  lasers, and s i n c e  we expec t   t ha t   t he   ope ra t ing   t empera tu re  
is no h ighe r   t han   t ha t   o f   s t r i pe -con tac t  lasers, w e  b e l i e v e   t h a t   t h e  
rap id   degrada t ion  is a consequence  of  the  presence  of saw damage a t  
the   d iode   edges .  The e f f e c t  of saw damage can  be  explained by s e v e r a l  
f ac to r s ,   i nc lud ing   t he   i n -d i f fus ion  of contaminants   or  more probably, 
t h e   m u l t i p l i c a t i o n   o f   d i s l o c a t i o n s   i n   t h e   h i g h l y   d i s t u r b e d  material 
nea r   t he   d iode   su r f ace .  
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VI. EFFECT OF HYDROSTATIC  PRESSURE ON HETEROJUNCTION 
LASER CHARACTERISTICS* 

A. In t roduct ion  

Although  the l a t t i ce  parameters a t  t h e  growth  temperature  of 800 
t o  900°C are equal  a t  t h e  AlxGa1-$s-A1 Gal-yAs h e t e r o j u n c t i o n   i n t e r -  
f a c e s ,   t h e y   d i f f e r   s i g n i f i c a n t l y  at room tempera ture   because   o f   the  
d i f f e r e n t   t h e r m a l   c o e f f i c i e n t s  of  expansion  of GaAs and (A1Ga)As. The 
impact  of s t r a i n   t a k e s  on increas ing   impor tance   wi th   the   increas ingly  
Al - r i ch   l aye r s   needed   t o   sh i f t   t he   emis s ion   i n to   t he   v i s ib l e  where the  
high  Al-content (A1Ga)As l a y e r s  are grown on much t h i c k e r  G a A s  sub- 
strates. S ince   the  l a t t i ce  parameter  of (A1Ga)As is s l i g h t l y   l a r g e r  
t han   t ha t  of G a A s ,  t h e   t h i n   e p i t a x i a l   l a y e r  is under  compression. 
While it is suspec ted   t ha t   t hese   s t r a ined   l aye r s   con t r ibu te   t o   i ne f -  
f i c i e n t  lasers, no d e f i n i t i v e   d a t a  were a v a i l a b l e .  

Y 

The work d e s c r i b e d   i n   t h i s   s e c t i o n  was designed  to   explore   the 
q u a n t i t a t i v e   e f f e c t   o f  stress on t h e  (A1Ga)As d i o d e   p r o p e r t i e s   i n   t h e  
l a s i n g  state. While the   u se   o f   un iax ia l  stress is attractive,  i t  is 
l imi ted   because   the   d iode  material is  v e r y   b r i t t l e ,   a n d ,   t h e r e f o r e ,   t h e  
d i o d e   e a s i l y   s h a t t e r s   i f   t h e  stress i s  not   qu i te   un i form on the   d iode  
surface.   Hydrostatic  measurements,  on the   o ther   hand ,   requi re  more 
complex  equipment b u t  are convenient  because  no material damage occurs ,  
i f   t h e   d i o d e s  are proper ly  mounted wi th  a s o f t   s o l d e r   s u c h  as In .  

The equipment  used  for  the  measurements is d e s c r i b e d   i n  Appendix 
I. The diodes were mounted  on me ta l l i zed  ceramic s t r i p s   w i t h   l o n g  
copper   l eads   for  e lectr ical  connections.  The diodes were tes t -pulsed  
a t  room temperature   using a pu l se   l eng th  of Q150 nsec and a r e p e t i t i o n  
rate of %500 Hz. The duty   cyc le  was low  enough t o   e n s u r e   t h a t   t h e  
d i o d e   c h a r a c t e r i s t i c s  were no t   a f f ec t ed  by hea t ing   dur ing   opera t ion .  

The A 1  concent ra t ion   in   the   recombina t ion   reg ion   of   the   d iodes  
tested  ranged  from ~ 1 8 %  ( A L  ? 7700 8) t o  less than 1% ( A L  5 8900 1) 
i n   o r d e r   t o   e x p l o r e   t h e   e f f e c t   o f   t h e  stress on d iodes   having   d i f fe r -  
e n t  (A1Ga)As concent ra t ions .  

*The experimental  work d e s c r i b e d   i n   t h i s   s e c t i o n  was performed a t  
Yeshiva  University by 7 .  J u r a v e l  and P. M. Raccah. 
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B. Experimental   Results 

1. GaAs Heterojunct ion Lasers. - Both  double  heterojunction (DH) and 
LOC lasers were t e s t e d   w i t h   e s s e n t i a l l y  GaAs in   the   recombina t ion .*  
The LOC laser w a s  asymmetrical; i .e.,  it had a small r e f r a c t i v e   i n d e x  
s t e p  a t  the  n-n he t e ro junc t ion  (An !+, 0.02)  and much la rger   one  at t h e  
o t h e r  (p-p) he t e ro junc t ion ,   wh i l e   t he  DH laser was symmetrical 
(An 2 0.1) .  

Figure 81 shows the power output  curve of t h e  DH laser as a f:unc- 
t i o n  of t he   d iode   cu r ren t   fo r   va r ious   va lues   o f   hydros t a t i c   p re s su re .  
(The  atmospheric  pressure 'measurements were repeated a t  the  end  of   the 
stress e x p e r i m e n t   t o   e s t a b l i s h   t h a t   n o   i r r e v e r s i b l e   e f f e c t s  were i n t r o -  
duced  by t h e   h y d r o s t a t i c  stress.) Figure  81 shows a small r e v e r s i b l e  
th reshold   increase   wi th   p ressure ,   which   can   be   expressed   in  a normal- 
i zed  form  by  AIth/Igh % 0 .018 /kba r ,   u s ing   t he   i n i t i a l   t h re sho ld   cu r ren t ,  
I&, as the   normal iz ing   quant i ty .  

The s h i f t   i n   t h e  dominant s p e c t r a l   l i n e  due t o   a x i a l  modes above 
threshold  is shown i n   F i g .  82 as a funct ion  of  stress. Two cur ren t  
levels were s tudied ,  and  Fig.  82  shows t h a t   t h e   s h i f t   o f   t h e   e m i s s i o n  
is 0.99 x 10-2 eV/kbar a t  I = 0.7 A,  and 1.03 x eV/kbar f o r   t h e  
l i n e  a t  0.775 A, a d i f f e r e n c e  which is no t   cons ide red   s ign i f i can t .  A s  
w e  w i l l  see below i n   g r e a t e r   d e t a i l ,   t h e  above  dominant a x i a l  mode 
l i n e   s h i f t   w i t h   p r e s s u r e   v e r y   n e a r l y   f o l l o w s   t h e   i n c r e a s e   i n   t h e  band- 
gap  energy  with  pressure,   al though individual mode l i n e s   v a r y   f a r  less 
wi th   p ressure  (see below). 

Turning  to   the asymmetrical LOC laser, Fig.  83 shows i ts  power 
emission as a func t ion  of cu r ren t  a t  a tmospheric   pressure,  1 kbar  and  
1.884  kbars.  The laser threshold  is somewhat  more stress s e n s i t i v e  
than   t ha t  of t h e  DH laser, bu t  s t i l l  small, A I t h / I &  = 0.022/kbar. 

The s h i f t  of the  spontaneous  emission  peak hvsp was measured  below 
t h e   l a s i n g   t h r e s h o l d ,  and t h e   s p e c t r a l   l i n e s  were followed  above  thresh- 
o ld   w i th  as many o f   t h e   l i n e s  as poss ib l e   s tud ied   i n   t he   p re s su re   r ange  
where  they  remained  discernible.   Figure 84  shows the   i nc rease   w i th  
pressure  of   the   spontaneous  emission  peak hvsp in   t he   r ange   be tween  
atmospheric  pressure  and 1.88 kbars ,   g iv ing  a value  of  Ahsp/Ap = 
1.139 x eV/kbar.  Figure  85 shows t h e   s h i f t   w i t h   p r e s s u r e   o f   t h e  
axial mode l i n e s .  The individuaZ l i n e   s h i f t  (0.27 x 10-2 eV/kbar) is 
considerably less than  the  spontaneous  emission  peak.  However, consis-  
tent   with  Fig.   82,   Fig.  85 shows tha t   t he   " cen te r   o f   g rav i ty"   o f   t he  

*A small amount of A 1  could   have   been   inadver ten t ly   in t roduced   in to   the  
recombination  region by t r a n s f e r  from melt t o  m e l t  dur ing  LPE growth. 
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Figure  81. Power emission as a func t ion   of   cur ren t   under   pu lsed  
opera t ion   of  a double   he te ro junc t ion  laser diode 
wi th  GaAs i n   t he   r ecombina t ion   r eg ion  as a func t ion  
of hydros t a t i c   p re s su re .  The curve  for   a tmospheric  
p re s su re  was  repea ted  a t  t h e  end of t h e  test t o  con- 
firm the  fact  t h a t  no permanent  diode  changes were 
introduced by the   app l i ed  stress. 
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Figure 83. Power  emission vs. current for an asymmetrical 
LOC laser with GaAs in the recombination region. 
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Figure  84. S h i f t  of the  spontaneous  emission  peak  with 
h y d r o s t a t i c   p r e s s u r e  f o r  a LOC laser wi th  
GaAs in   the   recombina t ion   reg ion .  
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Figure 85. Shift   of   the  axial  mode lines  with  increasing  pressure 
compared with  that  of  the  spontaneous  emission  peak. 
As the  pressure  increases, some of  the mode l i n e s  d i s -  
appear while new ones  appear.  Note  that  the  spontaneous 
peak s h i f t  appears to follow  the  center of the mode l i n e  
energy distribution. 114 



modal l i n e   e n e r g y   d i s t r i b u t i o n   i n c r e a s e s  a t  a rate comparable t o   t h a t  
of t h e   s p o n t a n e o u s   l i n e   s h i f t ,  as can  be  seen from the  superimposed 
dashed  l ine.  

2. (A1Ga)As Hetero junc t ion  Lasers. - The stress-dependence of t h e  
threshold   cur ren t  of a DH laser wi th  A1.1Ga.gAs in t h e  recombination 
reg ion  (AL = 8000 8) is shown i n  Fig. 86.  The r e l a t i v e  change of I t h  
wi th  stress is cons iderably   l a rger   than   tha t  of t h e  GaAs heterojunc-  
t i o n  lasers, 

A I t h / I %  = 0.078/kbar 

PULSED CURRENT ( A )  

Figure  86. Power emis s ion   v s .   cu r ren t   fo r  a ' D H  laser with 
Al,Gal,,As i n   t he   r ecombina t ion   r eg ion  (x 2 0.1). 
The atmospheric   pressure  curve was repeated a t  
t h e  end of t he  stress equipment. 
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Figure  87 shows  power output  vs.   pressure  curves of t h e  laser wi th  
A 1  18Ga.82As in   t he   r ecombina t ion   r eg ion  (XL = 7720 i). The measure- 
me& of t h i s   d i o d e  were extended  over a wider   pressure  range  than  the 
o ther   devices ,   reaching  5 kbars,  and, as shown i n   F ig .   88 ,   t he   t h re sh -  
o ld   i nc rease   w i th   p re s su re   r ema ins   nea r ly   l i nea r   i n   t he   r ange   s tud ied ,  
and  can be  approximated by 

A I t h / I o t h  % O.l l /kbar  

261 L O C - V L 2 5 0  
24 hr, 1.606 OV 

* ATMOS. PRESSURE 
o I KBAR 
x 2 K BAR 
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Figure  87. Power emiss ion   vs .   cur ren t   for   var ious  
p r e s s u r e   v a l u e s   f o r  a LOC diode   wi th  
A l  18Ga.82As in   the  recombinat ion  region.  
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Figure  88. Threshold  current  as a func t ion  of p re s su re  as 
deduced  from  the  data shown i n   F i g .  87.  (LOC 
laser wi th  A1.18Gaa82As i n  the  recombinat ion 
region. ) 

C. Discussion 

The  most important new r e s u l t  from  the  above-described  experiments 
is  the   observa t ion   tha t   the   s t ress -dependence   of   the   th reshold   cur ren t  
i nc reases   w i th   i nc reas ing  A 1  content   in   the   recombina t ion   reg ion .   There  
are two bas i c   poss ib l e   f ac to r s   exp la in ing   t he   t h re sho ld   i nc rease :  (1) 
A r educ t ion   i n   r ad ia t ion   conf inemen t   w i th   i nc reas ing   p re s su re   fo r  a 
given  diode  geometry  and ( 2 )  a change i n   t h e   i n t e r n a l  laser dynamics 
which is a f f e c t e d  by addi t ions   o f  A 1  to   the  recombinat ion  region.   For  
example, t h e   t r a n s f e r  of e l e c t r o n s  from t h e  I' t o   t h e  X conduction band 
minima. 

The f i r s t   e f f e c t  is n o t   b e l i e v e d   t o   b e   s i g n i f i c a n t  on t h e   b a s i s  
of  the  comparison  of  the DH and LOC GaAs he te ro junc t ion  lasers t e s t ed .  
The most   p robable   cause   for   the   revers ib le   reduct ion   of   the   rad ia t ion  
confinement  would come from a r e d u c t i o n   i n   t h e   r e f r a c t i v e   i n d e x   s t e p  
a t  one o r   bo th   o f   t he   he t e ro junc t ions   de f in ing   t he   op t i ca l   cav i ty .  The 
fac t   tha t   the   th reshold   change   wi th   p ressure  of t h e   a s y m e t r i c a l  LOC 
diode  with weak confinement w a s  comparable   to   the  change  observed  for  
the   s t rongly   conf ined  DH d iode   sugges t s   t ha t  no s i g n i f i c a n t   r e d u c t i o n  
o c c u r s   i n   t h e   r e f r a c t i v e   i n d e x   s t e p   w i t h   i n c r e a s i n g   p r e s s u r e ,   w h i c h  
would l ead   t o   g rea t ly   i nc reased   t h re sho ld   cu r ren t s   w i th   p re s su re .   In  
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t h e  case of the (A1Ga)As h e t e r o j u n c t i o n   s t r u c t u r e s   t e s t e d   t h e r e  is no 
reason t o  be l i eve   t ha t   t he   obse rva t ion  made f o r   t h e  GaAs h e t e r o j u n c t i o n  
s t r u c t u r e s  is no t   app l i cab le ;  i .e. ,  w e  e x p e c t   n o   s i g n i f i c a n t   l o s s   o f  
r ad ia t ion   conf inemen t ,   pa r t i cu la r ly   s ince   t he  (A1Ga)As d i o d e s   t e s t e d  
conta ined   reasonably   h igh   he te ro junc t ion   bar r ie rs   comparable   to   those  
i n  t h e  G a A s  DH u n i t  . 

Having   exc luded   t he   f i r s t   e f f ec t ,  w e  are l e f t   w i t h   t h e   s e c o n d   e f -  
f e c t .  It is p o s s i b l e   t h a t   t r a p p i n g  states ex is t  i n   t h e  material, t h e  
dens i ty   o f  which inc reases   w i th   i nc reas ing  A 1  c o n t e n t ,   a n d   t h a t   t h e i r  
e f f e c t i v e n e s s   i n c r e a s e s   w i t h   p r e s s u r e .  However, a t  t h i s  time no  addi- 
t i o n a l   d a t a   e x i s t   w h i c h  would a l low  these   hypo the t i ca l  s ta tes  t o   b e  
b e t t e r   d e f i n e d .  It i s  p o s s i b l e   t h a t   t h e s e  s ta tes  are a s soc ia t ed   w i th  
t h e   s i x  <loo> ind i r ec t   conduc t ion  band  minima,  and s i n c e   t h e   d i r e c t  
bandgap a t  k = 0 i n c r e a s e s   w i t h   h y d r o s t a t i c   p r e s s u r e   w h i l e   t h e   i n d i r e c t  
bandgap  decreases ,   the   e f fec t  of states a s s o c i a t e d   w i t h   t h e   i n d i r e c t  
bandgap  minima  would  tend t o  become increas ingly   impor tan t   wi th   in -  
c reas ing  A 1  content   in   the   recombina t ion   reg ion .   Addi t iona l  work i n  
progress   wi th   h igher   Al -conten t   d iodes   should   he lp   to   e luc ida te   th i s  
p o i n t .  We n o t e   t h a t   d e e p   s t a t e s   t h a t   a f f e c t   t h e  laser behavior were 
p o s t u l a t e d  on t h e   b a s i s  of u n i a x i a l  stress work,  which showed t h a t  
(A1Ga)As he te ro junc t ion   d iodes  became i n c r e a s i n g l y   s u s c e p t i b l e   t o  
u n i a x i a l   s t r e s s - i n d u c e d   i n c r e a s e s   i n   t h r e s h o l d   ( r e f .  61 ) .  

We wish   to   emphas ize ,   however ,   tha t   o ther   fac tors   a f fec t ing   the  
laser dynamics  could  be more relevant .   Addi t ional   experimental   and 
t h e o r e t i c a l   s t u d i e s  are e x p e c t e d   t o   e l u c i d a t e   t h e  laser p r o p e r t i e s  
under stress. 

I n  summary, i t  is e v i d e n t   t h a t  stresses can   adverse ly   a f fec t   the  
performance  of (A1Ga)As h e t e r o j u n c t i o n  lasers, wi th   p ropor t iona l  sever- 
i t y  as t h e  A 1  content   increases .   Therefore ,  i t  is d e s i r a b l e   t h a t  con- 
s t ruct ion  technologies   be  developed  which  minimize  these stresses t o  
permit  improved laser d i o d e s   e m i t t i n g   c l o s e r   t o   t h e   v i s i b l e   s p e c t r a l  
range. 

T u r n i n g   o u r   a t t e n t i o n   t o   t h e   s h i f t s   i n   t h e   s p o n t a n e o u s   e m i s s i o n  
peaks  and of t h e  ax ia l  mode l i n e s ,  w e  f ind  general   agreement   with ear- 
l ier  data   obtained  with  homojunct ion lasers. The value  of  1.139 x 10-2 
eV/kbar  obtained  from  Fig. 84 f o r   t h e   s h i f t   i n   t h e   s p o n t a n e o u s   e m i s s i o n  
l i n e  is genera l ly   accepted  as r e p r e s e n t a t i v e   o f   t h e   s h i f t   i n   t h e  band- 
gap  energy  of GaAs. O t h e r   v a l u e s   i n   t h e   l i t e r a t u r e  are c l o s e ,   f o r  ex- 
ample,  1.09 x eV/kbar   ( ref .  58) (measured a t  200'K) , and 1.1 X 
eV/kbar  (ref.   59).  
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The s h i f t   i n   t h e   e n e r g y   d i s t r i b u t i o n  and ind iv idua l   energy   va lues  
of t h e  axial l i n e s   w i t h   p r e s s u r e  is explained by two e f f e c t s :  

(1) The  dominant i n t e n s i t y   l i n e   o r   " c e n t e r  of g r a v i t y "   s h i f t  is 
expec ted   t o   fo l low  the  bandgap  energy s h i f t   w i t h   v a r i o u s  modes on t h e  
low energy  s ide  disappearing,   while  new l i n e s  on the   h igh   energy   s ide  
appear as 'is i n d i c a t e d   i n   F i g .  85. 

(2) The i n d i v i d u a l   a x i a l   l i n e   w i d t h  is t h e   r e s u l t   o f  a change i n  
t h e  refractive index   w i th   p re s su re   fo r  a given  energy  value  due  to   the 
bandgap  energy  increase 

1 dL 1 dn 
TT (z) + n 

1 dX 1 d(hv) . "- 
x dP 

""= 
hv dp 

where L is  t h e  laser l eng th  and  n i s  the   r e f r ac t ive   i ndex .  

I n   t h e  above  eq  a t ion,   the   length  change  with  pressure is small 
(-0.43 x 10-3(kbar ) -q   ( re f .  60), whi le   the  term in   the   denominator  is 

1.5, leaving  the  change  of   n   with  pressure  the  dominant   effect .  From 
the  experimental   value  obtained  f rom  Fig.  85 f o r   t h e   s h i f t   i n  mode ener- 
gy with  pressure  (0.27  x 10-2 eV/kbar) , w e  ob ta in  

"= 
n dP 

dn -0.33 x  (kbar)- l  

This va lue ,   measu red   fo r   t he   f i r s t  time at  room t e m p e r a t u r e ,   f a l l s  
w i th in   t he   r ange  of prev ious ly   measured   quant i t ies   ( re fs .  59 and 60),  
(below room temperature)  of 0.4 & 0 . 1  x  10-2  eV/kbar. 
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V I I .  CONCLUSIONS 

Two a l loy   sys tems,  (A1Ga)As and  (InGa)P,  have  been  studied  for 
t h e i r   p r o p e r t i e s  relevant t o   o b t a i n i n g  laser d i o d e   o p e r a t i o n   i n   t h e  
v is ib le   reg ion   of   the   spec t rum.  (AlGa)As w a s  prepared  by  l iquid-phase 
ep i t axy  (LPE) and  (1nGa)P was prepared  both by  vapor-phase  epitaxy 
(WE) and  by  l iquid-phase  epitaxy.  Various  schemes  for LPE growth 
were applied  to  (InGa)P,  one  of  which w a s  found to   be   capable   o f   p ro-  
ducing  device material. However, as t h i s  method i s  less advanced,  and 
i n  many ways less s u i t a b l e   t h a n   t h e  VPE method, a l l  t h e  InGaP device  
work was done  using  vapor-phase  epitaxy. 

The most successfu l   devices  were f a b r i c a t e d   i n  (A1Ga)As us ing  
h e t e r o j u n c t i o n   s t r u c t u r e s .  A t  room t empera tu re ,   t he   l a rge   op t i ca l  cav- 
i t y  (LOC) d e s i g n   h a s   y i e l d e d   d e v i c e s   l a s i n g   i n   t h e   r e d  (7000 A) . How- 
ever, because   o f   the   re la t ive ly   h igh   th reshold   due   to   the   bas ic   band  
s t r u c t u r e   l i m i t a t i o n   i n   t h i s   a l l o y ,   p r a c t i c a l  laser d iode   opera t ion  i s  
p resen t ly   l imi t ed   t o   abou t  7300 11. A t  l iquid-nitrogen  tempera- 
ture ,   pract ical   cont inuous-wave  operat ion  has   been  obtained  for   the 
f i r s t  time a t  a wavelength  of 6500 t o  6600 1, wi th  power e m i s s i o n   i n  
excess of 50 mW. The lowes t   pu lsed   1as ing .wavelength . i s  6280 1. A t  
223"K, l a s i n g  w a s  o b t a i n e d   f o r   t h e   f i r s t  time a t  6770 8, bu t   w i th   h igh  
th re sho ld   cu r ren t s .  

Despi te   the  achievement   of   the   shortest  laser diode  wavelength 
ever achieved,   the   research  conducted on (1nGa)P e p i t a x i a l  materials 
using  electroluminescence,  photoluminescence,  and  cathodoluminescence 
leads  to   the  conclusion  that   several   major   problems limit the   u se  of 
t h i s   a l l o y   f o r   p r a c t i c a l  laser d iodes .  

(1)   Hetero junc t ion   s t ruc tures  are imprac t ica l   because  of t h e  m e t -  
a l l u r g i c a l . l i m i t a t i o n s   i n h e r e n t   i n   t h e   l a t t i c e  parameter mis- 
match  which is much la rger   wi th   composi t ion   change   than   in  
(A1Ga)As. Thus, e f f i c i e n t  room-temperature  lasing i n   t h e  
v i s i b l e  is d i f f i c u l t   t o   a c h i e v e .  

t h a t   e p i t a x i a l  (1nGa)P i s  r e l a t i v e l y   e f f i c i e n t   i n   t h e   d i r e c t  
po r t ion  of the   a l loy   composi t ion   range ,   the  laser diodes 
f ab r i ca t ed   have   h igh   t h re sho ld   cu r ren t   dens i t i e s  and  low 
d i f f e r e n t i a l  quantum e f f i c i e n c i e s .   T h i s  i s  bel ieved  due  to  
the   d i f f i cu l ty   o f   i nco rpora t ing   t he   r equ i s i t e   h igh   dopan t  
dens i ty   wi thout   in t roducing   an   unacceptab ly   h igh   defec t  
dens i ty .  The dopant - re la ted   defec ts  are i n t i m a t e l y   r e l a t e d  
t o   t h e   e x i s t i n g   f l a w s  formed i n   t h e   p r o c e s s  of e p i t a x i a l  
g rowth .   Desp i t e   t he   d i f f i cu l t i e s   encoun te red   i n   f ab r i ca t -  
i n g  (1nGa)P laser d iodes ,   t h i s   p rog ram  has   r e su l t ed   i n   d iodes  

(2) While electron-beam-pumped l i g h t l y  doped material shows 
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emi t t i ng  a t  77OK a t  6520 A i n  material deposi ted  on G a A s  
subs t ra tes ,   and  5980 A i n  material deposi ted  on GaP sub- 
strates. The la t te r  r e s u l t  i s  t h e   s h o r t e s t   d i o d e  laser 
wavelength ever achieved. 

(3) Because   o f   the   re la t ive ly   deep   acceptor   ion iza t ion   energ ies ,  
considerable   f reeze-out   occurs  a t  low  temperatures. This  
r e s u l t s   i n   p o o r  power conve r s ion   e f f i c i enc ie s  compared wi th  
those  of  (A1Ga)As o r  G a A s  devices .  

The la t ter  portion  of  the  program, as d e s c r i b e d   i n   t h i s   r e p o r t ,  
has  been  concerned  with  obtaining  room-temperature cw ope ra t ion  from 
diodes   emi t t ing  as c l o s e   t o   t h e   v i s i b l e   p o r t i o n  of the  spectrum as 
poss ib le .   This   phase   o f   the   p rogram  has   resu l ted   in  several new achieve- 
ments, i n  a spec t ra l   range   ex tending   to   wavelengths  as s h o r t  as 7800 1. 
M a j o r   f a c t o r s   a f f e c t i n g   r e l i a b i l i t y   h a v e ,   f o r   t h e   f i r s t  time, been   ident i -  
f i e d  and e l imina ted ,   l ead ing   t o  power emission  values  as h igh  as about  
30 mW from  one laser f a c e t   f o r   s t a b l e   o p e r a t i n g   p e r i o d s   i n   e x c e s s   o f  
1000  hr   (wi th   the  limit not   ye t   reached) .  

S t ab le  cw ope ra t ion  a t  room temperature   requires   very low thresh-  
o l d   c u r r e n t   d e n s i t i e s ,  and w e  have  found  that   the   required  threshold 
va lues   have   been   gx t remely   d i f f icu l t   to   ach ieve   for   l as ing   wavelengths  
much below $7800 A ,  a l though  they   should   be   theore t ica l ly   ach ievable .  

Exper imenta l   s tud ies   us ing   un iax ia l  stress experiments  (performed 
a t  Yeshiva  Universi ty)   have  suggested  that   the  laser threshold  is 
anomalously  increased by elastic stress, thus,   providing  one  possible  
r e a s o n   f o r   t h e   e x c e s s i v e   i n c r e a s e   i n   t h r e s h o l d  of  diodes  with alumi- 
num i n c r e a s e .   F u t u r e   e f f o r t s   t o   r e a l i z e   t h e   p o t e n t i a l   o f   t h e  (A1Ga)As 
a l loy   sys tem more c lose ly  must   include  technologies   designed  to  re- 
d u c e   s t r a i n   i n   t h e   d i o d e s .  
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APPENDIX 

HYDROSTATIC  STRESS APPARATUS AND TECHNIQUES 
* 

A. Por tab le   Pressure   Genera tor  

H e l i u m  gas  is s u p p l i e d   t o   t h e   p r e s s u r e  c e l l  from a remote,   por table  
in tens i f ie r   d r iver   sys tem,   assembled   f rom  commerc ia l ly   ava i lab le   par t s .  
This   p ressure   genera tor   can   p rovide  up t o   1 4   k i l o b a r s  (%200,000 p s i )  of 
compressed  helium. A block   d iagram  of   the   por tab le   p ressure   genera tor  
is shown i n   F i g .  90. 

** 

The p res su re   gene ra to r   cons i s t s   o f  two s t a g e s .   I n   t h e  first s t a g e ,  
the  hel ium is compressed i n  an air-operated  diaphragm  compressor (Aminco- 
Model No. 46-14021)  and i s  d e l i v e r e d   t o   t h e   h i g h   p r e s s u r e  end  of t h e  
p i s t o n   i n t e n s i f i e r .  The  compressor is then   i so l a t ed   f rom  the   p i s ton  
i n t e n s i f i e r  by a manual  high-pressure  needle valve (Harwood Engineering 
Model No. D-2684). N e x t ,   t h e   p i s t o n   i n t e n s i f i e r  (Harwood Engineering 
Model No. A2.5J) i s  dr iven   by  pumping o i l   ( d i e s e l   t u r b i n e   e n g i n e   m o b i l e  
o i l  824) a t  i t s  low p res su re  end t o  compress   the  hel ium  to   the  desired 
value.  A manganin w i r e  gauge (Harwood Engineering Model No. E2512), i n  
conjunct ion  with a b r i d g e   c i r c u i t ,  is used   to   moni tor   the   h igh   pressure  
ou tpu t s  from t h e   p i s t o n   i n t e n s i f i e r .  

Solenoid  valves  are used i n   t h e  a i r  l i n e s   o f   t h e   a i r - o p e r a t e d  
hydrau l i c  pump and  compressor t o   t u r n  them  on or   o f f .   Pressure   gauges  
are placed a t  t h e   i n p u t  of t h e  f irst  s t a g e  and a t  the   i npu t  and output  
of   the  second  s tage  of   the  compressor .  The p res su re   connec t ions   t o   t he  
va r ious  components   of   the   pressure  generator  as w e l l  as t o   t h e   o p t i c a l  
ce l l  are made with  hard-drawn  316 s t a i n l e s s  s teel  tubing  (0.1875  in. 
0 .d .  by  0.025-in. i .d .1   suppl ied by Harwood Engineering Company, and 
coupled  with  s tandard Harwood gland  nut  and co l la r .   Before   coupl ing ,  
t h e   t u b e  had t o   b e  coned  and  threaded. 

Fo r   s a fe ty ,   rup tu re   d i sks  and release va lves  are provided at t h e  
inpu t  and output  of  the  two-stage  air-operated  diaphragm-type  compressor. 
The  complete  assembly is housed i n  a 0.25-in. s tee l -p la ted   f rame,  and 
hinged  doors are used   to   absorb  some of t he   impac t   i n  case of  explosion. 

The opera t ing   procedure   for   the   p ressure   genera tor  is as fol lows:  

(1) A l l  release va lves  are t o   b e   c l o s e d ;   t h e . o i l   r e t u r n   r e s e r v o i r  
va lve  and the   need le   va lve  are t o   b e  opened. 

*Contributed  by Y. J u r a v e l  and P. M. Raccah,  Yeshiva  University. 
*-he des ign   of   the   p ressure   genera tor  w a s  obtained  f rom D r .  J. Kafalas ,  

Lincoln  Laboratory,   Lexington, Mass. 
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Figure 89. Block diagram of pressure  generator.  



(2) Se t   t he   he l ium  inpu t   p re s su re  at the   he l ium  t ank   t o  
approximately  1500  psi  and in t roduce   t he   he l ium  to   t he  
f i r s t   s t a g e   o f   t h e   c o m p r e s s o r .  

r e q u i r e d )   u n t i l   t h e   d e s i r e d   p r e s s u r e   i n d i c a t e d  on t h e  
output  gauge is reached.  Never  exceed 30,000 p s i .  
A t  t h i s   p o i n t   t h e  compressed  helium is f e d   i n t o   t h e  
high end of t h e   p i s t o n   i n t e n s i f i e r ,   d r i v i n g   b a c k   t h e  
p i s t o n   t o  i t s  i n i t i a l   p o s i t i o n .  Helium is  a l so   be ing  
introduced  through  the  manganin  gauge  to  the  pressure 
ce l l .  The  manganin  gauge  could a l so   be   used   to   moni tor  
t h e   o u t p u t   p r e s s u r e s .   I f   h i g h e r   p r e s s u r e s  are des i r ed ,  
p roceed   t o   S t ep  (4). 

(4) Turn  off   the   compressor ,   c lose  the  needle   valve and t h e   o i l  
r e tu rn   r e se rvo i r   va lve .  

(5) The hydrau l i c  pump is then   ac t iva t ed ,  which d r i v e s   t h e   p i s t o n  
in tens i f ie r ,   compress ing   the   he l ium  to   the   requi red  
value  which is monitored by the  manganin  gauge. 

(3)  Turn on the  compressor  (120  psi   of  compressed a i r  is 

To avoid  optical   misalignments,   caused by the   he l ium  be ing   in t ro-  
duced i n t o   t h e   p r e s s u r e   c e l l  and  by  mechanical  vibrations  of  the  hydrau- 
l i c  pump ( t r a n s m i t t e d   t o   t h e   p r e s s u r e  c e l l  th rough  the   p ressure   tub ing) ,  
the  fol lowing  procedure i s  used. 

(1)  The maximum pressure   requi red  i s  developed and introduced 

( 2 )  Alignment is performed  and the   op t ics -e lec t ronics   op t imized .  
(3)  The experiment is then  performed a t  t h e  maximum pressure .  
( 4 )  The p res su re  i s  reduced a t  an extremely  slow rate  by 

i n t o   t h e  ce l l .  

cont ro l l ing   the   opening  of t h e   o i l   r e s e r v o i r   v a l v e .  
When t h e   d e s i r e d   p r e s s u r e  i s  reached ,   t he   r e se rvo i r  
va lve  is closed and the  experiment  performed.  This 
procedure i s  repea ted   fo r   t he   nex t   p re s su re  and s o  on. 

Also,   to   avoid  systematic   errors   caused by the   t empera ture  depen- 
dence  of   the  var ious  parameters   under   invest igat ion ( i .e . ,  t r a n s i t i o n  
ene rg ie s ,   conduc t iv i ty ) ,  no  measurements were t a k e n   u n t i l   f i v e   m i n u t e s  
a f t e r   t h e   p r e s s u r e   i n   t h e  c e l l  had  been  changed.  This time i n t e r v a l  
a l lowed   t he   i n t e r io r  of t h e  c e l l  t o   r e t u r n   t o   a m b i e n t   t e m p e r a t u r e   a f t e r  
the  energy  had  been  added o r  removed from  the  system by the  compression 
or  expansion of the   gas .  

B. Opt ica l   Pressure  Cell  

The p r inc ipa l   des ign   cons ide ra t ions  of t h e   o p t i c a l   p r e s s u r e  ce l l  
are the   requi rement   o f   e f fec t ive   c ryogenic   p ressure  seals and the  need 
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t o  keep the   d imens ions   o f   the  ce l l  t o  a minimum. The c e l l  w a s  designed 
t o   b e   p l a c e d   i n  a l iqu id-he l ium  c ryos ta t  and is t o   c o n t a i n  two o p t i c a l  
windows, an electrical  p o r t ,  a p r e s s u r e   p o r t ,  and a por t   fo r   t he   s ample  
ho lde r   fo r   ea sy  access to   the   sample   under   inves t iga t ion .  By us ing  
helium  gas as the   p ressure- t ransmi t t ing  medium, h y d r o s t a t i c   p r e s s u r e s  
are p o s s i b l e  a t  temperatures  down t o   t h e   f r e e z i n g   c u r v e  of  helium; a t  
lower tempera tures   the   so l id i f ied   he l ium is  s u f f i c i e n t l y   s o f t  and p l a s t i c  
t h a t   n e a r l y   h y d r o s t a t i c   c o n d i t i o n s   e x i s t   a f t e r   s l o w   c o o l i n g  (ref. 6 3 ) .  

Figure 90 shows the  assembly of t he   p re s su re  c e l l  and i t s  var ious  
components. Beryllium  copper is used  s ince i t  i s  easy  to  machine  and 
h e a t - t r e a t  and   does   no t   have   the   p roblem  of   b r i t t l e   f rac ture  a t  low 
temperatures  as steel does   ( re fs .  6 3  and 6 4 ) .  A cold-rol led Be-Cu rod 
(2.25  in. i n   d i a m e t e r )   o f  1 / 2  hard  "Berylco 25" a l l o y  is u s e d   f o r   t h e  
cel l  body. 

The c e l l  employs the   convent iona l  Bridgeman seal ( r e f s .  65 and 6 6 ) .  
This method uses  the  unsupported area p r i n c i p l e ,  as shown i n   F i g .  90. 
The t o t a l   p r e s s u r e   e x e r t e d  on t h e  mushroom head is t r a n s f e r r e d   t o   t h e  
sof t   packing  seal, which  has  an area less than   t ha t  of t he   bo re   s ince  
t h e  s t e m  of t h e  mushroom plug i s  f loat ing.   Thus,  no matter what  pressure 
is t o   b e   c o n t a i n e d ,   t h e   p r e s s u r e   i n   t h e  seal  is always  higher.  The 
hydros t a t i c   p re s su re   i n   t he   ce l l   t ends   t o   compress   t he   pack ing  seals, 
exe r t ing  a f o r c e   a g a i n s t   t h e  mushroom stem. When s u f f i c i e n t   f o r c e  is 
exe r t ed ,   t he  s t e m  w i l l  be   "p inched   of f"   c rea t ing  a very   hazardous   s i tua-  
t i o n   s i n c e   t h e  s t e m  is expel led  with a ve loc i ty   comparable   to   tha t   o f  
a r i f l e   b u l l e t .  The  dimensions of the   p lug   should   be   chosen   such   tha t  
t he   p re s su re   exe r t ed  on i t  i s  w e l l  below its t e n s i l e   s t r e n g t h   ( r e f .  
67). A s  a g e n e r a l   r u l e   t h e  stem's diameter   should  be  about   half   the  
t o t a l   b o r e   d i a m e t e r   ( r e f .  65). A support ing  plug i s  used   no t   on ly   to  
hold  the  packing seals i n   p l a c e   b u t   a l s o   t o   s a f e g u a r d   a g a i n s t  a pinch- 
o f f  stem. 

1. Opt i ca l  Windows. - I n  s e l e c t i n g  a window, consideration  must  be 
g i v e n   t o   t h e   f o l l o w i n g   f a c t o r s :  

(1)  Transmission  range of i n t e r e s t  
( 2 )   A b i l i t y   t o  resist stress 
( 3 )  The e f f e c t  of a helium  atmosphere on window c h a r a c t e r i s t i c s  
( 4 )  Abi l i t y   t o   w i ths t and   t he rma l   shock  at low temperatures  
(5)  Thermal  contraction so t h a t  i t  could  maintain a good seal 

a t  low temperatures.  

The a b i l i t y   t o  resist stress is a func t ion  of t h e  window's thick-  
ness  and  the  unsupported area (ape r tu re ) .  The equa t ion   u sed   t o   ca l cu la t e  
t h e  maximum a l lowed  pressure   tha t   the  window can   wi ths tand   before   rup ture  
is 
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Figure 90. Assembly of the pressure cell. 
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P =  R 
s a f e t y   f a c t o r  

where R i s . t h e  modulus  of  rupture  of  the window, 

t i s  t h e  window's thickness ,   and 

r is t h e   r a d i u s   o f   t h e   a p e r t u r e .  

A s a f e t y   f a c t o r  of 2 is used   in   the   above   ca lcu la t ions   o f  P. Due t o  
t h e   s i z e  of t h e   o p t i c a l  ce l l  w e  are l i m i t e d   t o  a th ickness  t = 0.25 i n .  
and an a p e r t u r e  r = 0.0625 in.  It should  a lso  be  noted  that   the   modulus 
of r u p t u r e  R u sua l ly   dec reases   w i th  a dec rease   i n   t empera tu re ,  and thus  
the   a l lowed  pressure  i s  decreased. 

Sapphi re   ( re f .  68) wi th  a thickness   of   0 .25  in .  and a diameter 
of  7/32 in .  was chosen as t h e  window material. It possesses   an 85% 
t r ansmiss ion   ( fo r  a 1-mm-thick p l a t e )  between the  spectrum  range of 
2,800 A to 5 pm. Also, the  modulus of rup tu re  of  sapphire is  65,000 
p s i .  Thus, a maximum p r e s s u r e  of 520,000 psi   could  be  achieved  before  
t h e  window s h a t t e r s .  

2. O p t i c a l  Mushroom Plug. - The  face of t h e   o p t i c a l  mushroom plug i s  
surface-ground  and  lapped  (ref.  70).  The seal i s  s a t i s f a c t o r y  when t h e  
plug  can  be  picked up by l i f t i n g   t h e  window wi thout   separa t ing  window 
and  plug.  The  matching f l a t   s u r f a c e s   p r o v i d e   t h e   g a s - t i g h t  seal  t o  
prevent   leakage  out  of t he   cen te r   ho le .  A th in   l ayer   o f   adhes ive  mix- 
t u r e  made of   equa l   par t s   o f  GE-7031 varn ish   and   to luene   ( re f .  6 4 )  i s  
used as an a l t e r n a t i v e  method of bonding.  This method  makes i t  p o s s i b l e  
t o   u s e  a window whose f a c e  is scra tched  and t h e r e f o r e  no  longer  adheres 
proper ly .  

3. P re s su re  Seals. - The p r e s s u r e  seals c o n s i s t  of  bronze,  indium, and 
copper   r ings   ( re f .  6 4 ) .  Small   beryll ium  copper (Be-Cu) r ings  of  tri- 
a n g u l a r   c r o s s   s e c t i o n   ( d e l t a   r i n g s )  are used  to   prevent   extrusion  of  
the   packing   r ings .  The d e l t a   r i n g s  are h e l d   i n   p l a c e  by a Be-Cu suppor t  
r i n g   t h a t  is supported  by  the  threaded  support   plug.  The  assembly of 
t h e   r i n g s  is  shown in  Fig.  91. 

The  bronze  and  copper  r ings  serve  to  contain  the  soft   indium  ring. 
Indium is v e r y   e f f e c t i v e  as a gas  seal because it adheres w e l l  t o   t h e  
Be-Cu walls t o  provide   an   exce l len t  i n i t i a l ' s e a l ,  and  because i t  flows 
e a s i l y   t o   m a i n t a i n  a seal during  thermal   cycl ing.  Rubber i s  no t  a good 
seal since i t  becomes b r i t t l e  a t  low temperatures   ( ref .  65). 
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1 .  Suppor t   p lug  
2. Mushroom p l u g  
3. Cel I body 
4 .  B r o n z e   r i n g  
5. i n d i u m   r i n g  
6. Copper r i n g  
7. Be-Cu d e l t a   r i n g s  
8 .  Be-Cu s u p p o r t   r i n g  

Figure 91. Ring  assembly,  use of the  unsupported area technique. 

The  mushroom plug and  packing are removed as a u n i t ,   u s i n g  an  ex- 
t r a c t o r   t o o l   t h a t  screws i n t o   t h e  last 0.0625-in.  of t h e   a p e r t u r e   h o l e .  
This  al lows  easy  replacement of t h e  seals, which i s  required  to   change 
samples. 

The threaded  support   plug  has a 12"   t apered   aper ture   ho le   to   reduce  
shadowing. A key s l o t  was made f o r  a 1/2-in.   wrench  so  that  i t  can  be 
screwed i n   f l u s h   w i t h   t h e  c e l l  body.  The support   plug w a s  designed  to  
withstand 200,000 ps i   wi thout   shear ing .  

4 .  Elec t r ica l   Termina ls .  - There   a re  two methods  of  introducing  elec- 
t r i ca l  l e a d s   i n t o   t h e  cel l .  F ine  wires can b e   l e d  down t h e   p r e s s u r e  
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tubing  from a convent iona l   c losure  at room tempera ture .   Al te rna t ive ly ,  
one  of  the windows i n   t h e   o p t i c a l  ce l l  i s  replaced by  an electrical 
plug similar t o   t h e   d e s i g n  by Blosser  and Young ( r e f .  70). 

To provide an e lectr ical  p l u g   f o r   t h e  ce l l ,  wires are embedded i n  
a con ica l  epoxy s h e l l   t h a t   f i t s   i n t o  a conical   opening  of   the  plug.  A 
Be-Cu cone is used t o   f o r c e  a seal a g a i n s t   t h e   p l u g  shown i n   F i g .  92. 
Severa l   a t tempts  were made t o   i n t r o d u c e   t h e  electrical l eads  by t h i s  
method wi thout   success .   Ins tead ,  a Teflon-insulated  0.0045-in.-diameter 
silver wire w a s  i n t roduced   i n to   t he  cel l  through  the  pressure  tubing  f rom 
a conventional  high-pressure  closure.   The  closure is similar i n   d e s i g n  
t o   t h e  manganin wire gauge  which was supplied  by Harwood Engineer ing '  
co . 

Figure 92. Cell c l o s u r e   f o r   e l e c t r i c a l   l e a d s .  

The  diagram of t h e   c l o s u r e  is shown i n   F i g .  93.  The  anode made of 
hardened steel  is used as t h e   e l e c t r o d e .  A lava cone a c t s  as t h e  seal 
as w e l l  as an   insu la tor .   "Spaghet t i "  i s  u s e d   t o   i n s u l a t e   t h e  wire from 
t h e  main  body. Before  assembly, GE-RTV102 s i l icone   rubber   adhes ive  was 
spread  around  the lava cone. The assembly was made wi th   t he  w e t  adhe- 
sive to o b t a i n  a good seal. 
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Lava  cone 
Nylon  washer 
Anode 
Spaghett  i 
T e f l o n   i n s u l a t i n g  
w i r e  
Mangan i n   c e  I I 
body 
Stee I c I osu r e  

Figure  9 3 .  A c o n v e n t i o n a l   s e a l   f o r   i n t r o d u c i n g   e l e c t r i c a l   l e a d s .  

The  samples  under  investigation were mounted  on a Be0 s u b s t r a t e  
t h a t  was a t tached   to   the   sample   ho lder   wi th  GE-7031 v a r n i s i .  The 
Teflon-insulated w i r e  w a s  s o l d e r e d   t o   t h e   p o s i t i v e   t e r m i n a l  of t h e  
sample  on  an  indium s t r i p  made on t h e  Be0 s u b s t r a t e .  The o t h e r   l e a d  
w a s  s i lver-painted  to   the  sample  holder ,   which makes con tac t   w i th   t he  
body  of t h e  c e l l  and a c t s  as t h e   o t h e r   e l e c t r o d e .  

2 
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C. P r o p e r t i e s  of H e l i u m  

The equat ion  proposed  to   represent   the  mel t ing  curve  of   hel ium is 

where p is the   p ressure   in   a tmosphere .   This   equa t ion   agrees   wi th  ex- 
periment   within 1% down t o  2.4OK, which is v e r y   c l o s e   t o   t h e  A poin t .  
Therefore ,   the   quantum  e f fec t   o f   he l ium  in   cons ider ing   the   behavior  at 
tempera tures   g rea te r   than  2.4"K can  be  ignored.   The  sol idif icat ion  of  
helium under   pressure  occurs  at temperatures  higher  than  the  normal 
l iqu id   vapor  c r i t i ca l  temperature  (Tc = 5.2OK). Also, helium  gas is 
completely  t ransparent  i n  t h e   v i s i b l e  and near i n f r a r e d ,  and has a very  
small change  of r e f r ac t ive   i ndex   w i th   p re s su re .  

D. Pressure  Determination 

The  determinat ion  of   pressure  in   the cel l  becomes a problem at  
temperatures  below  which  helium  solidifies.  Above the   f r eez ing   po in t  
of  helium,  the  pressure is measured  externally,   using a Harwood Engi- 
neering,  Inc.,  manganin  gauge  and  bridge.  The  manganin  gauge is loca ted  
i n  a s e p a r a t e   p r e s s u r e  vessel at room temperature. The pressure  can 
be  measured  within  100  psi ,   and  there w a s  no  apparent  pressure  change 
during a run. The gauge vessel a l s o   s e r v e s  a secondary  function as a 
p r e s s u r e   r e s e r v o i r ,  i ts  l a r g e r  volume suppres s ing   t he   va r i a t ion  of 
p r e s s u r e   w i t h   t e m p e r a t u r e   i n   t h e   c e l l .  

Below the   f r eez ing   po in t ,   t he  manganin  gauge no longer   g ives   the  
c e l l ' s   p r e s s u r e ,   s i n c e   t h e   p r e s s u r e   l i n e  is blocked  with  frozen  helium. 
The f i n a l   p r e s s u r e   i n   t h e  cel l  a t  temperatures  below  the  freezing  point 
of hel ium  can  be  es t imated  f rom  thermodynamic  data   avai lable   for   sol id  
helium. Assuming cool ing at cons tan t  volume  from the   f r eez ing   po in t  
determined  by  the  gauge  pressure,   the   calculated  f inal   pressure  can  thus 
be  determined. 
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